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FOREWORD 

This  r e p o r t  w a s  prepared by t h e  Boeing Aerospace Company, a d i v i s i o n  of The 
Boeing Company, S e a t t l e ,  Washington, f o r  t he  Langley Research Center  of t he  
Nat ional  Aeronautics and Space Adminis t ra t ion.  The s t r e n g t h  a n a l y s i s ,  des ign ,  
f a b r i c a t i o n  and t e s t i n g  of advanced beaded and t u b u l a r  s t r u c t u r a l  panel  test 
specimens are presented.  The work is p a r t  of a comprehensive program t o  
develop advanced beaded and t u b u l a r  s t r u c t u r a l  panel  designs and s t a t i c  
s t r e n g t h  p r e d i c t i o n  methods under c o n t r a c t  NAS1-10749, "Design and Tes t ing  of 
Advanced S t r u c t u r a l  Panels".  

The primary i n v e s t i g a t o r  w a s  Bruce E. Greene and t h e  t e c h n i c a l  l e a d e r  w a s  
Max D.  Musgrove, r e p o r t i n g  t o  t h e  program manager, John L .  Arnquis t ,  Chief of 
t h e  S t r u c t u r a l  Allowable and M i l i t a r y  S t r u c t u r e s  o r g a n i z a t i o n .  

Manufacturing a c t i v i t i e s  i n  support  of t h i s  program w e r e  under t h e  d i r e c t i o n  
of R u s s e l l  Northrop. 
Burke Dykes provided t h e  g r i d  shadow moire suppor t .  

T e s t i n g  w a s  under t h e  d i r e c t i o n  of P h i l i p  Hedges. 
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ADVANCED BEADED AND 
TUBULAR STRUCTURAL PANELS 

By Max D .  Musgrove and Bruce E.  Greene 
The Boeing Company 

Research and Engineer ing Div i s ion  

SUMMARY 

A s tudy  w a s  conducted t o  e x p l o i t  t he  e f f i c i e n c y  of curved elements i n  t h e  
design of l i gh twe igh t  s t r u c t u r a l  panels  under combined loads  of axial  com- 
p res s ion ,  i np lane  s h e a r ,  and bending. Governing geometric c o n s t r a i n t  equa- 
t i o n s  were incorpora ted  i n  a random sea rch  type op t imiza t ion  computer program 
t o  i d e n t i f y  minimum mass des igns  f o r  s e v e r a l  p o t e n t i a l l y  e f f i c i e n t  concepts .  
Buckling tests w e r e  conducted on subsca le  pane ls  t o  i d e n t i f y  l o c a l  f a i l u r e  
modes and provide f o r  mod i f i ca t ion  of l o c a l  buckl ing theory  where r equ i r ed .  
F u l l  scale 40 x 40 inch ( 1  x 1 meter) panels  w e r e  t e s t e d  under combined load-  
i n g  t o  o b t a i n  f a i l u r e  d a t a  f o r  c o r r e l a t i o n  with theory.  
f a i l u r e  theory  were made as r equ i r ed .  A nondes t ruc t ive  f o r c e - s t i f f n e s s  test 
technique w a s  used i n  conjunct ion  with a Moire' g r i d  monitor ing technique t o  
provide ex tens ive  test d a t a  from a comparat ively few test pane l s .  

Modi f ica t ions  t o  

T e s t  d a t a  produced under combined. l oad ing  on l o c a l  buckl ing  specimens and on 
l a r g e  pane l s  of a c i r c u l a r  tube conf igu ra t ion  show e x c e l l e n t  agreement with 
theory and show 25 t o  30 percent  mass reduc t ion  over optimized s t r i n g e r -  
s t i f f e n e d  pane l s .  The c m s i s t e n t  s t ruc tu ra l ' pe r fo rmance  of t h e  c i r c u l a r  tube 
panel  has  i n d i c a t e d  a l e v e l  of confidence which warran ts  t h e  use  of  t h i s  con- 
cep t  i n  the  des ign  load  range i n v e s t i g a t e d .  

A f l u t e d  s i n g l e  s h e e t  beaded panel  concept o f f e r s  a h igh ly  e f f i c i e n t  des ign  
i n  the very low load range although s igni f icant  out of plane deflections occur 
i n  t h e  end c l o s u r e s  when t h e  pane l  is loaded i n  shea r .  It appears  t h a t  t h e s e  
out of p lane  d e f l e c t i o n s  can be  avoided by an at tachment  method which does not  
reduce the  pane l  c r o s s  s e c t i o n  shape to  a f l a t  shee t  a t  t h e  panel  ends.  

T e s t s  of f l u t e d  pane l s  revea led  unan t i c ipa t ed  tube f l a t t e n i n g  under bending 
load  and tube d i s t o r t i o n s  under shear .  As a r e s u l t ,  t h e  pane l s  demonstrated 
lower s t r e n g t h s  than those  p red ic t ed  from l o c a l  buckl ing  tests. The use  of 
i n t e r n a l  s t i f f e n i n g  appeared t o  c o n t r o l  tube f l a t t e n i n g  and r a i s e d  panel  
s t r e n g t h s  s i g n i f i c a n t l y ,  b u t  a t  a l o s s  i n  mass e f f i c i e n c y .  
deformations which were not  completely suppressed prevented r e l i a b l e  c o r r e l a -  
t i o n  of test d a t a  wi th  theory .  

However, l a r g e  

. Because of t h e  p o t e n t i a l  mass savings  demonstrated i n  t h i s  program, a p p l i c a t i o n  
of t h e  t u b u l a r  pane l  concept should r e s u l t  i n  increased  s t r u c t u r a l  e f f i c i e n c y  
i n  many types of f u t u r e  aerospace s t r u c t u r e s  such as advance space v e h i c l e s ,  
missile i n t e r s t a g e s ,  and high speed c r u i s e  v e h i c l e s .  

1 



INTRODUCTION 

For s e v e r a l  years  t he  Langley Research Center has  been i n v e s t i g a t i n g  s t r u c t u r a l  
, concepts which use elements w i th  curved c r o s s  s e c t i o n s  t o  develop beaded o r  

b corrugated s k i n  panel  s t r u c t u r e  as i n d i c a t e d  i n  Reference 1 through 6.  The 
curved s e c t i o n s  e x h i b i t  h igh  l o c a l  buckl ing s t r e n g t h s  which l ead  t o  h igh ly  
e f f i c i e n t  s t r u c t u r a l  concepts .  
beaded e x t e r n a l  s u r f a c e  is aerodynamically accep tab le  o r  where the  primary 
s t r u c t u r e  is p ro tec t ed  by h e a t  s h i e l d s .  The corrugated n a t u r e  of t h e  pane ls  
makes them e s p e c i a l l y  a t t r a c t i v e  f o r  high temperature  a p p l i c a t i o n s  because 
c o n t r o l l e d  thermal growth is  permi t ted  which minimizes thermal stress. The 
technology r e s u l t i n g  from t h i s  program is a p p l i c a b l e  t o  v a r i o u s  formable 
materials and t o  many product  areas such as launch v e h i c l e s ,  space v e h i c l e s  and 
hypersonic  a i r c r a f t .  

These concepts  can be appl ied  where a l i g h t l y  

A s tudy  w a s  conducted t o  develop l i gh twe igh t  s t r u c t u r a l  pane l s  designed f o r  
combined loads  of axial compression, inp lane  shea r ,  and bending due t o  l a te ra l  
pressure .  Governing a n a l y t i c a l  s ta t ic  s t r e n g t h  and s t a b i l i t y  equat ions  f o r  
pane ls  under combined load ,  and material and geometr ic  c o n s t r a i n t  equat ions  were 
incorpora ted  i n  a random search type  op t imiza t ion  computer program descr ibed 
i n  Reference 7 t o  i d e n t i f y  minimum mass des igns  f o r  several p o t e n t i a l l y  
e f f i c i e n t  concepts.  However i n  o rde r  f o r  t hese  concepts  t o  realize the i r  
a n a l y t i c a l  p o t e n t i a l ,  a l l  of t h e  s i g n i f i c a n t  f a i l u r e  modes had t o  be proper ly  
recognized and accounted f o r .  Consequently, a major f a b r i c a t i o n  and test 
development e f f o r t  w a s  conducted. Buckling tests were made on sub-scale pane ls  
t o  i d e n t i f y  l o c a l  f a i l u r e  modes and provide f o r  modif icat ion of l o c a l  buckl ing 
theory where requi red .  F u l l  scale 40 x 40 inch (1 x 1 meter) pane l s  were 
t e s t e d  under combined loading  t o  o b t a i n  l a r g e  pane l  f a i l u r e  d a t a  for cor re l a -  
t i o n  wi th  theory .  A nondes t ruc t ive  f o r c e - s t i f f n e s s  test technique descr ibed  
i n  Reference 8, was  used i n  conjunct ion  wi th  the Moire’ g r i d  monitor ing 
technique t o  provide  ex tens ive  test d a t a  inc lud ing  i d e n t i f i c a t i o n  of buckl ing  
modes from a comparatively few panels .  

The f a b r i c a t i o n  e f f o r t  w a s  d i r e c t e d  toward the  development of new f a b r i c a t i o n  
concepts and techniques t o  provide m a x i m u m  v e r s a t i l i t y  i n  terms of a v a i l a b l e  
bead conf igu ra t ion  while provid ing  &proved conf igu ra t ion  t o l e r a n c e  c o n t r o l  
and minimizing f a b r i c a t i o n  c o s t s .  

, 

This  document p re sen t s  a summary of t he  s t r u c t u r a l  pane l  development program 
inc luding  40 x 40 inch ( 1  x 1 meter)  pane l  t es t  r e s u l t s ,  c o r r e l a t i o n  w i t h  
theory and an improved des ign  and s t r e n g t h  p r e d i c t i o n  method s u b s t a n t i a t e d  by 
these  tests. Details of t he  des ign ,  f a b r i c a t i o n  and test e f f o r t s  are presented  
i n  References 9 ,  10, and 11 r e s p e c t i v e l y ,  which are subs t an t - i a t ing  d a t a  docu- 
ments f o r  t h e  advanced s t r u c t u r a l  panel program. 
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SYMBOLS 

.. 

AFW 

a 

B 

b 

BBW 

BEW 

d 

E 

EA 

FB’ FC, FS 

e 

F 

Fcb’ Fee' Fcs 

F 
CY 

Ffc’  F f s  

depth of bead f l u t e  

l e n g t h  of pane l  element 

width of panel  

width of pane l  element; bead spacing 

width of bead 

width of bead f l u t e  

h e i g h t  of bead above n e u t r a l  axis plane 

c o r r e l a t i o n  f a c t o r  

gene ra l i zed  displacement o r  s t r a i n  

l i m i t i n g  s t r a i n  va lue  

i n i t i a l  imper fec t ion  

o r t h o t r o p i c  p l a t e  s t i f f n e s s  c o e f f i c i e n t s  i n  pane l  

s t a b i l i t y  equa t ions  

o r t h o t r o p i c  plate s t i f f n e s s  c o e f f i c i e n t s  i n  d i agona l  

buckl ing equat ions 

d i agona l  width 

modulus of e l a s t i c i t y  

e l a s t i c  modulus of aluminum 

Moir6 gr id  l i n e  spacing 

gene ra l i zed  f o r c e  

bending, compression, shea r  stresses a t  f a i l u r e  

bending, compression, s h e a r  l o c a l  buckl ing c r i t i ca l  

stresses f o r  c i r c u l a r  arc elements 

c r i t i ca l  stress 

compression y i e l d  stress 

compression, s h e a r  l o c a l  buckl ing c r i t i ca l  stresses 

of f l a t  elements 
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SH 
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SYMBOLS (Continued) 

width of f l a t  

width of f l a t  

bending, compression, s h e a r  stresses 

stress i n t e n s i t y ,  o c t r a h e d r a l  shea r  theory 

shea r  modulus 

buckl ing c o e f f i c i e n t s  

l eng th  of pane l  

pane l  c e n t e r  bending moment pe r  u n i t  width 

p a n e l  axial  compression load p e r  u n i t  width 

c r i t i ca l  axial  compression load f o r  pane l  i n s t a b i l i t y  

c r i t i c a l  axial compression load f o r  d i agona l  buckl ing 

pane l  shea r  load p e r  u n i t  width 

c r i t i ca l  shea r  load f o r  pane l  i n s t a b i l i t y  

c r i t i c a l  shea r  load f o r  d i agona l  buckl ing 

p r e s s u r e  l o a d ,  l a t e r a l  p r e s s u r e  

s t a t i c a l  moment of one bead about pane l  mid p l ane  a x i s  

r a d i u s  

stress r a t i o s  of a c t u a l  stress t o  c r i t i c a l  stress f o r  

bending, compression, shea r  

s t i f f e n e r  (bead) h e i g h t  

developed l e n g t h  of pane l  c r o s s  s e c t i o n  a s s o c i a t e d  wi th  

bead spacing width,  b 

arc l e n g t h  of c i r c u l a r  arc element of panel  c r o s s  

sect i o n  

developed l e n g t h  of panel  c r o s s  s e c t i o n  a s s o c i a t e d  

with d i agona l  width,  d 

th i ckness  

e q u i v a l e n t  e x t e n s i o n a l  t h i c k n e s s  

pane l  c e n t e r  d e f l e c t i o n  produced by p r e s s u r e  load only 

pane l  c u r v a t u r e  parameter i n  l o c a l  shea r  buckl ing 

a n a l y s i s  



. 

S W O L S  (Continued) 
a bead semi-arc angle 

lateral  def lect ion 6 
rl, nl, n2, e tc .  p las t i c i ty  correction factors 
e l i ght  source incidence angle i n  grid shadow Moird 

method; angle defining diagonal width, d 

V Poisson's rat io  

. 
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PROBLEM STATEMENT 

Many r e c e n t  h igh  performance v e h i c l e  des igns ,  such as t h e  space s h u t t l e  
o r b i t e r ,  employ l a r g e ,  t h i c k ,  low a s p e c t  r a t i o  wings which are l i g h t l y  loaded. 
Figure 1, which shows optimum pane l  u n i t  mass as a f u n c t i o n  of compressive 
load (Reference 4) i n d i c a t e s  t h a t  l i g h t l y  loaded t u b u l a r  panels  are 25 t o  30 
pe rcen t  l i g h t e r  than convent ional  s t i f f e n e d  panels .  

Plans t o  e x p l o i t  t h e  p o t e n t i a l  of curved elements by t h e  use  of beaded and 
t u b u l a r  panels  included t h e  fol lowing major s t e p s  : (1) i d e n t i f i c a t i o n  of 
optimum design shapes f o r  s i n g l e  s h e e t  and double  s h e e t  panels  r ecogn iz ing  
manufacturing limits and a v a i l a b l e  a n a l y t i c a l  data; (2) development of f a b r i c a -  
t i o n  techniques t o  provide t h e  maximum v e r s a t i l i t y  i n  bead geometry and geo- 
metry c o n t r o l ;  (3) f a b r i c a t i o n  and tes t  of specimens t o  determine l o c a l  f a i l u r e  
l o a d s  and c o r r e l a t i o n  r e s u l t s  w i th  t h e  theory; (4) f a b r i c a t i o n  and test of 
panel  specimens t o  d e f i n e  t h e  f a i l u r e  i n t e r a c t i o n  s u r f a c e s  due t o  combined 
loads ;  and (5) mod i f i ca t ion  of t h e  des ign  and a n a l y s i s  equa t ions  t o  r e f l e c t  
t h e  observed test r e s u l t  a 

It w a s  necessary t o  select a s t r u c t u r a l  material, a panel  s i z e  and s p e c i f i c  
load combinations f o r  u s e  i n  comparing the  d i f f e r e n t  pane l  conf fgu ra t ions .  
The 7075-T6 aluminum was s e l e c t e d  t o  provide a high p r o p o r t i o n a l  l i m i t  and 
ease of f a b r i c a t i o n .  The high p r o p o r t i o n a l  l i m i t  is  d e s i r a b l e  f o r  develop- 
mental t e s t i n g  as desc r ibed  i n  Reference 12 ,  o the rwise  test f a i l u r e s  occur  
w e l l  i n t o  t h e  i n e l a s t i c  range and specimen s t a b i l i t y  c h a r a c t e r i s t i c s  are 
obscured by material behavior.  A pane l  s i z e  of 40 x 40 inches (1 x 1 meter) 
with t h e  beads terminated a t  t h e  suppor t s  and two s p e c i f i c  design loading 
c o n d i t i o n s  were s e l e c t e d  as t y p i c a l  of advanced space s h u t t l e  o r b i t e r  wing 
des igns  . 
The s e l e c t e d  load ing  c o n d i t i o n s  w e r e :  (1) 600 l b / i n .  (105 kN/m) a x i a l  com- 
p r e s s i o n ,  200 l b / i n .  (35 W/m) i n p l a n e  s h e a r  and 1 p s i  (6.9 kN/m2) l a t e ra l  
p r e s s u r e ,  and (2) 2000 l b / i n .  (350 kN/m) compression, 400 l b / i n .  (70 kN/m) 
s h e a r  and 2 p s i  (13.8 kN/m2) p re s su re .  
c o n d i t i o n s  (1) and (Z), r e s p e c t i v e l y .  

S p e c i a l  a t t e n t i o n  w a s  given t o  t h e  problem of g e t t i n g  loads  i n  and ou t  of t h e  
pane l s ,  however, j o i n t  des igns  (pane l  end c l o s u r e s )  were no t  analyzed o r  
optimized i n  d e t a i l .  The depth of the end c l o s u r e  development and a n a l y s i s  
was s u f f i c i e n t  t o  a s s u r e  t h a t  t h e  v a l i d i t y  of t h e  test d a t a  would n o t  b e  
jeopardized by premature end c l o s u r e  f a i l u r e s  and t h a t  t h e  i n d i c a t e d  panel  
s t r u c t u r a l  e f f i c i e n c i e s  could be r e a l i z e d  i n  a c t u a l  hardware a p p l i c a t i o n s .  

These are r e f e r r e d  t o  as design load 

A 

6 



NX - kN/m 

I - 10 200 400 0 
2.0 

1.5 
(Y 

. I -  u. > 
5 
m 
A 

9 1.0 
5 
A 
w z a n 

0.5 1 I 1 

7075-T6 
40 X 40.1NCH PANELS ( 1  m x 1 m) 
PRESSURE = 1.0 PSI (6.9 kN/rn2) 
REFERENCE 4 

I I 10 
0 1000 2000 3000 

Fiwre 1: COMPRESSION PANEL MASS VS. END LOAD , 

0 

NX - LB/IN 

7 



CONFICURATTON OPTIMIZATION 

S t a t i c  s t r e n g t h  and s t a b i l i t y  ana lyses  are t h e  founda t ions  upon which the  
panel  design op t imiza t ion  is based. To o b t a i n  a v a l i d  optimum pane l  des ign ,  
a l l  p o s s i b l e  f a i l u r e  modes had t o  be recognized and included i n  t h e  a n a l y s i s .  
Three c a t e g o r i e s  of f a i l u r e  modes were considered:  (1) g e n e r a l  i n s t a b i l i t y ;  
(2) l o c a l  i n s t a b i l i t y ;  (3)  material y i e l d .  Only f a i l u r e s  invo lv ing  t h e  uniform 
s e c t i o n ,  or  c e n t r a l  r eg ion ,  of t he  panel  were considered he re .  P a n e l  end c lo -  
s u r e ,  j o i n t  and attachment d e t a i l s  were assumed adequate  t o  t r ansmi t  l oads  
necessary t o  develop f u l l  pane l  s t r e n g t h .  The s p e c i f i c  equa t ions  used i n  t h e  
i n i t i a l  s t a t i c  s t r e n g t h  a n a l y s e s  are p resen ted  i n  Reference 9. 

. 

The re la t ive m a s s  f o r  a number of des ign  concepts ,  determined by t h e s e  equa- 
t i o n s ,  are shown i n  Figure 2 as a f u n c t i o n  design axial load.  The curves 
r e p r e s e n t  mass a t  the  c e n t e r  of t h e  panel .  The f a i l u r e  a n a l y s i s  t h a t  formed 
the  b a s i s  f o r  t h e s e  curves had been v e r i f i e d  by i n i t i a l  s c r e e n i n g  tests of 
specimens of both of the type 1 and t h e  type 2 c o n f i g u r a t i o n s .  The curves 
shown i n  Figure 2 provided t h e  b a s i s  f o r  s e l e c t i n g  fou r  s p e c i f i c  designs 
f o r  d e t a i l e d  i n v e s t i g a t i o n  i n c l u d i n g  f a b r i c a t i o n  and t e s t i n g .  

The b a s i c  c o n f i g u r a t i o n s  t h a t  w e r e  selected for  d e t a i l e d  investigation are 
shown i n  Figure 3 .  
t i o n  i n d i c a t e s  t he  number of s h e e t s  of material r equ i r ed  t o  form the  c r o s s  
s’ection and t h e  second number corresponds t o  t h e  des ign  load condFtion. 
i d e n t i f y i n g  t h e  tes t  specimens a t h i r d  term w a s  used t o  i n d i c a t e  tbe t y p e  of 
t es t  specimen and a f o u r t h  term w a s  used t o  i n d i c a t e  the number of the S p e d -  
men i n  t h e  t es t  sequence. The f l u t e d  s i n g l e  s h e e t  des ign  (conffgurat ion 
1A-1) w a s  s e l e c t e d  as the  l i g h t e s t  design concept i n  t h e  low load range. The 
c i r c u l a r  t u b u l a r  design ( c o n f i g u r a t i o n  2-2) w a s  s e l e c t e d  because of t h e  conf i -  
dence gained with r e s p e c t  t o  f a b r i c a b i l i t y  and s t r u c t u r a l  performance du r ing  
the  i n i t i a l  s c r e e n i n g  tests. The high load f l u t e d  tube des ign  ( c o n f i g u r a t i o n  
2A-2) w a s  s e l e c t e d  as the  l i g h t e s t  design a t  t h e  h i g h e r  loads as i n d i c a t e d  
i n  Figure 2. 
t o  provide a second des ign  of t he  2A concept t o  improve t h e  d a t a  base  f o r  
e x t r a p o l a t i o n  t o  o t h e r  load cond i t ions .  The geometry of t h e  f l u t e d  s i n g l e  
s h e e t  (1A-1)  and t h e  f l u t e d  tube (2A-1) corresponds t o  optimum des igns  f o r  
load c o n d i t i o n  1, and the geometry of c o n f i g u r a t i o n s  (2-2) and (2A-2) cor re -  
spond t o  optimum des igns  f o r  load c o n d i t i o n  2 .  

Note t h a t  t h e  f i r s t  number i n  t h e  c o n f i g u r a t i o n  designa- 

Ih 

The low load f l u t e d  tube des ign  ( c o n f i g u r a t i o n  2A-1) was s e l e c t e d  

General I n s t a b i l i t y  

I -  

General i n s t a b i l i t y  i s  considered t o  be buck l ing  i n  which t h e  s i g n i f i c a n t  
d e f l e c t i o n s  are of t h e  e n t i r e  pane l  without  l o c a l  d i s t o r t i o n  of t h e  bead c r o s s  
s e c t i o n .  Ava i l ab le  c l a s s i c a l  s o l u t i o n s  for r e c t a n g u l a r ,  simply suppor t ed ,  
o r t h o t r o p i c  plates  are u s e d  f o r  e l a s t i c  shea r  #buckling cr i ter ia .  However, f o r  
compression buckl ing of h igh ly  o r t h o t r o p i c  pane l s  of t h e  types considered 
iierc:, ttic r e c t a n g u l a r  p l a t e  s o l u t i o n  degene ra t e s  t o  the  wide-column Euler  load.  

. .  
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Because of i t s  s impler  form t h e  wide-column a n a l y s i s  w a s  used f o r  compression 
buckl ing.  
w a s  determined by t h e  s t anda rd  i n t e r a c t i o n  equa t ion ,  

General i n s t a b i l i t y  under combined loading i n  compression and shea r  

2 Rc + Rs = 1, 

where Rc and R, are r a t i o s  of app l i ed  compression and s h e a r  stress t o  the  
c r i t i c a l  stresses f o r  pane l  gene ra l  i n s t a b i l i t y  i n  compression a lone  and i n  
shea r  a l o n e ,  r e s p e c t i v e l y .  The la te ra l  p re s su re  is n o t  r e f l e c t e d  i n  t h e  
gene ra l  i n s t a b i l i t y  a n a l y s i s  s i n c e  t h e  bending stresses produced by l a t e ra l  
p r e s s u r e  c o n t r i b u t e  only t o  l o c a l  i n s t a b i l i t y .  

Local I n s t a b i l i t y  

Local i n s t a b i l i t y  is de f ined  h e r e  as buckl ing of one o r  more elements of t h e  
panel  c r o s s  s e c t i o n  wi th  buckle  d e f l e c t i o n s  p r i m a r i l y  involving d i s t o r t i o n s  
of t he  bead c r o s s  s e c t i o n  r a t h e r  than t h e  whole panel  c r o s s  s e c t i o n .  F l a t  
elements of t h e  panel  c r o s s  s e c t i o n  were analyzed f o r  l o c a l  i n s t a b i l i t y  i n  
compression and s h e a r  as long, simply supported,  i s o t r o p i c  plates us ing  classi- 
c a l  s o l u t i o n s  a v a i l a b l e  i n  Reference 13. C i r c u l a r  p o r t i o n s  of t h e  pane l  c r o s s  
s e c t i o n  w e r e  analyzed f o r  l o c a l  i n s t a b i l i t y  i n  axial compression and bending 
using Reference 14,  and using Reference 15 f o r  shea r .  Local i n s t a b i l i t i e s  
under combined compression, shea r  and la teral  bending loads w e r e  determined 
by i n t e r a c t i o n  equat ions of t he  same form used i n  t h e  gene ra l  i n s t a b i l i t y  
a n a l y s i s  b u t  i n c l u d i n g  a bending term as fol lows,  

2 % + R c + R s  = 1  

Material Yield 

Material y i e l d  w a s  determined from combined axial  compression, bending, and 
shea r  stresses at t h e  panel  c e n t e r ,  u s ing  t h e  e f f e c t i v e  stress i n t e n s i t y  
according t o  t h e  Hencky-von Mises y i e l d  c r i t e r i o n  p resen ted  i n  Reference 16. 
The stress i n t e n s i t y  was a l s o  used i n  determining p l a s t i c i t y  c o r r e c t i o n  f a c t o r s  
f o r  buckl ing stresses g r e a t e r  than t h e  p r o p o r t i o n a l  l i m i t  of t h e  material. 

O P T "  Code 

The va r ious  beaded and t u b u l a r  panel  c ros s  s e c t i o n s  were optimized using t h e  
gene ra l  design computer code OPTRAN (OPTimization by RANdom sea rch  algori thm) 
desc r ibed  i n  Reference 7. OPTRAN e s t a b l i s h e s  des igns  by randomly s e l e c t i n g  
va lues  of t h e  dimensional parameters w i t h i n  s p e c i f i e d  sea rch  ranges.  Minimum 
gage des ign  c o n s t r a i n t s  are imposed by proper  s p e c i f i c a t i o n  of t he  sea rch  
ranges.  
design c o n s t r a i n t s  t h a t  would otherwise b e  q u i t e  d i f f i c u l t  when l a r g e  numbers 
of v a r i a b l e s  are involved. Figure 4 shows one c o n f i g u r a t i o n  and t h e  seven 
v a r i a b l e  dimensional parameters which s p e c i f y  t h e  geometry. The number of  
v a r i a b l e s  is  l i m i t e d  only by computer t i m e .  

The OPTRAN code makes i t  p o s s i b l e  t o  i n v e s t i g a t e  e f f e c t s  of va r ious  

11 



I Figure 4 Typical  Var i ab le  Geometric Parameters 
, 

Designs optimized f o r  load c o n d i t i o n s  (1) and (2) were c r i t i c a l  i n  l o c a l  i n s t a -  
b i l i t y  over most of t h e  combined load f a i l u r e  s u r f a c e .  
s e c t i o n  w a s  r e t a i n e d  b u t  t h e  pane l  l eng th  w a s  i n c r e a s e d ,  gene ra l  i n s t a b i l i t y  
began to dominate more of t h i s  fa i lure  surface; but the pane l  design w a s  no 
longer  optimum. 
i t  w a s  found t h a t  t h e  l o c a l  i n s t a b i l i t y  modes aga in  predominated. Also,  when 
i n d i v i d u a l  parameter changes were a r b i t r a r i l y  made t o  an optimized des ign ,  t he  
e f f i c i e n c y  w a s  decreased;  but  when t h e  i n d i v i d u a l  parameters w e r e  cons t r a ined  
and the design w a s  reoptirnized, r e l a t i v e l y  l i t t l e  l o s s  i n  e f f i c i e n c y  occurred.  
Thus, nominal gage material o r  s t anda rd ized  bead p i t c h  can b e  used wi th  mini- 
mum l o s s  i n  e f f i c i e n c y .  

I f  t h e  pane l  c ros s  

When t h e  pane l  des ign  w a s  reopt imized f o r  t h e  inc reased  l eng th  

1 2  



FABRICATION DEVELOPMENT 

Conventional methods of f a b r i c a t i n g  pane l s  with s t r e t c h  formed beads have been 
by hydropress or  matched d i e  processes  where a l l  bead elements f o r  t h e  f u l l  
panel  are formed i n  a s i n g l e  ope ra t ion .  Some a s s o c i a t e d  disadvantages are: 
(1) s e p a r a t e  f u l l  s i z e  d i e s  are requ i r ed  f o r  each panel ;  (2) material elonga- 
t i o n  l i m i t s  s e r i o u s l y  restrict t h e  depth of beads t h a t  can be formed; and (3 )  
material t h i n n i n g  is g r e a t e s t  a t  the  c r e s t s  of t h e  beads where stresses are  
h i g h e s t .  Thus, t h e  p o t e n t i a l  e f f i c i e n c y  of t h e  convent ional  s t r e t c h  formed 
panels  is degraded. These l i m i t a t i o n s  provided a cons ide rab le  i n c e n t i v e  f o r  
i n v e s t i g a t i n g  a l t e r n a t e  f a b r i c a t i o n  methods. 

Uniform Sec t ion  Brake Forming 

S t u d i e s  made t o  determined methods of producing deep, m u l t i p l e ,  l a rge -a rc  beads 
i n  7075 aluminum r e s u l t e d  in a technique of brake forming c o r r u g a t i o n s  f o r  t h e  
f u l l  l eng th  of t h e  panel ,  then reforming t h e  ends t o  c l o s e  ou t  t h e  beads and 
o b t a i n  f l a t  edges f o r  attachment of t he  panel .  The i n i t i a l  b rake  forming of 
one s h e e t  f o r  t he  2-2 pane l  c o n f i g u r a t i o n  is shown i n  Figures  5 through 7 .  
Figure 5 shows a s h e e t  of material being hand f ed  through a s t anda rd  brake 
forming machine t o  form t h e  i n i t i a l  co r ruga t ions .  Figure 6 shows a c l o s e  up 
view of t h e  s h e e t ,  pos i t i oned  by an index p i n  l o c a t e d  i n  the  upper d i e ,  ready 
f o r  forming. F igu re  7 shows t h e  d i e  c losed a t  the end of t h e  forming s t r o k e .  
The bends are formed by a wrapping a c t i o n  which minimizes t h i n n i n g ,  b u t  which 
resu l t s  i n  cons ide rab le  s p r i n g  back n e c e s s i t a t i n g  t h e  use of t h r e e  p a r t  d i e s  
t o  o b t a i n  180 degree beads. A rubber s t r i p  l o c a t e d  under the  edge of t h e  lower 
p a r t s ' o f  t h e  d i e  permits  t h e  d i e  t o  c l o s e  a t  t h e  end of t he  s t r o k e  b u t  o t h e r -  
wise keeps i t  open. Figure 8 shows a closeup of t h e  b rake  formed, corrugated 
s h e e t .  The 2 t  bend r a d i u s  ad jacen t  t o  the  f l a t s  has been inc reased  t o  approxi- 
mately 1 0 t  a t  t h e  ends t o  permit  reforming of t h e  ends without  memory of t h e  
i n i t i a l  bend l i n e s .  

End Closure Forming 

S m a l l  two p a r t  d i e s  i n s t a l l e d  i n  t h e  brake forming machine are used t o  reform 
t h e  end c l o s u r e s .  Figure 9 shows secondary beads being formed i n  t h e  f l a t s  
between t h e  primary beads and Figure 10 shows t h e  end c l o s u r e s  being formed i n  
a similar manner. The compound contours  of t y p i c a l  end c l o s u r e s  are formed 
with net-dimensional t o o l i n g  (no springback) .  One problem encountered with 
end c l o s u r e  forming is  compressive wr ink l ing  a s s o c i a t e d  with t h e  compound con- 
tou r  i n  t h i n  gage 
p o r t i o n  of Figure 
w e l l  as r e s i s t i n g  
panel  ends.  

- - 
materials. 
9 ,  is b e n e f i c i a l  i n  reducing t h i s  compressive wr ink l ing  as 
load-induced l o c a l  buckl ing i n  t h e  l a r g e  f l a t  areas a t  t h e  

The secondary bead, being formed i n  t h e  upper . 

. 
High Energy Rate Reforming 

An a d d i t i o n a l  forming s t a g e  is requ i r ed  t o  form t h e  end c l o s u r e s  when a i s  
g r e a t e r  then.90" as shown f o r  c o n f i g u r a t i o n  2A-2 i n  Figure 4 .  
a r e  preformed t o  approximate shape using d i e s  similar t o  those i n  Figure 10 ,  
and f i n a l l y  the  f u l l  end c l o s u r e  i s  s i z e d  i n  a female s teel  d i e  using a 

The end c l o s u r e s  
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Figure 5: BRAKE FORMING IN STANDARD BRAKEMACHINE. 

Figure 6: UNIFORM SECTION BRAKE FORMING 
-DIE OPEN 

Figure 7: UNIFORMSECTION BRAKE FORMING 
-DIE CLOSED 
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Figure 10: REFORMING BEAD END CLOSURE IN PANEL END 

- 

Figure 8: FORMED UNIFORM SECTION WITH INCREASED BEND RADIUS NEAR ENDS 

Figure 9: REFORMING SECONDARY BEAD IN PANEL END 
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high-energy ra te  e l ec t ro -hydrau l i c  process  ( c a p a c i t o r  d i scha rge  through a 
spark gap i n  a water chamber). The e l ec t ro -hydrau l i c  process  is a l s o  h e l p f u l  
i n  improving conf igu ra t ion  c o n t r o l  and i n  reducing l o c a l  buckles i n  t h i n  gage 
p a r t s .  The high energy rate forming technique w a s  used f o r  f i n a l  s i z i n g  of 
t h e  two f l u t e d  tube bead end c l o s u r e  des igns .  It was n o t  used i n  forming t h e  
end c l o s u r e s  f o r  t h e  c i r c u l a r  tube panels .  

Panel Assembly and Machining 

Assembly w a s  accomplished by adhesive bonding of t h e  f ace  s h e e t s  and necessa ry  
doub le r s  i n  a s i n g l e  bond c y c l e .  Figure 11 shows two beaded f a c e  s h e e t s ,  a 
f inge red  doubler  and two edge doublers  f o r  a c i r c u l a r  tube panel  being prepared 
f o r  f i n a l  assembly. The f inge red  doublers  w e r e  t ape red  t o  a th i ckness  of 
approximately 0.002 inches (.05 mm) a t  t h e  t i p s  t o  p e r m i t  s a t i s f a c t o r y  bonding 
of t h e  f a c e  s h e e t s  ad jacen t  t o  t h e  t i p s .  The f inge red  doublers  l o c a t e d  between 
t h e  two beaded s h e e t s  r e i n f o r c e  the  ends of t h e  panels  t o  provide f o r  r e d i s t r i -  
b u t i o n  of t h e  i n t e r n a l  l oads  between the  f l a t  ends and the  beaded uniform 
s e c t i o n  of t h e  panel .  
f o r c e  t h e  b o l t e d  edge at tachments .  

Figure 1 2  shows a panel be ing  placed i n  t h e  bonding f i x t u r e .  The f i x t u r e  w a s  
made p r i m a r i l y  from cons tan t  t h i ckness  b a r s  and p l a t e s  t h a t  w e r e  c u t  t o  shape 
on a band s a w .  A vacuum w a s  used t o  apply p re s su re  du r ing  t h e  bonding cyc le .  

i 

Uniform th i ckness  e x t e r n a l  doublers  were used t o  r e in -  

Figure 13 shows one of t h e  30 inch  (760 m) long c i r c u l a r  tube panels  prepared 
f o r  i n s t a l l a t i o n  i n  t h e  test f i x t u r e .  The panel  edges w e r e  machined and 
d r i l l e d  on t h e  same numerical c o n t r o l  machine t h a t  w a s  used i n  machining and 
d r i l l i n g  the  corresponding elements of t h e  t es t  f i x t u r e .  The r i v e t s  l o c a t e d  
i n  the  area of t h e  tube end c l o s u r e s  were i n s t a l l e d  by an automatic  r i v e t i n g  
machine. 

T h e  f a b r i c a t i o n  techniques descr ibed above permit ted t h e  d e s i r e d  c o n f i g u r a t i o n s  
t o  b e  f a b r i c a t e d  while  e s s e n t i a l l y  avoiding problems of l o c a l  t h inn ing  i n  
c r i t i c a l  areas. Nei ther  material forming limits nor c o n f i g u r a t i o n  c o n t r o l  
limits were encountered. Add i t iona l ly ,  a comparison of brake forming and 
s t r e t c h  forming c o s t s  i n d i c a t e d  t h a t  t h e  brake forming approach o f f e r s  less 
c o s t  p e r  panel  f o r  product ion t o  n e a r l y  70 panels  (Ref. 10). 



Figure 1 I :  CIRCULAR TUBE PANEL BEING PREPARED FOR BONDING . 

. 

Figure 12: CIRCULAR TUBE PANEL WITH 
BONDING FIXTUR E 

Figure 13: CIRCULAR TUBE BUFFER BA Y PANEL ’ 
. 

WITH PREPARED EDGES 
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DESIGN EVOLUTION 

Development of the panel  des igns  t h a t  w e r e  f a b r i c a t e d  and t e s t e d  f o r  t h i s  pro- 
gram w a s  an evo lu t iona ry  p rocess  addres s ing  two p o r t i o n s  of t h e  design sepa- 

on t h e  computerized design op t imiza t ion  process .  
involved many i t e r a t i o n s  of t h e  des ign ,  f a b r i c a t i o n ,  test and e v a l u a t i o n  proc- 
esses i n  o rde r  t o  o b t a i n  end c l o s u r e  designs t h a t  w e r e  compatible with t h e  
s t r e n g t h  of the  uniform c e n t e r  p o r t i o n  of t h e  panels .  The r a t i o n a l e  employed 
was t h a t  t h e  end c l o s u r e s  should be s u f f i c i e n t l y  s t r o n g  t o  support  t h e  pane l s  
f o r  t h e  panel  design loads  and t h a t  t h e i r  s t r e n g t h  b e  v e r i f i e d  by experiment.  
This p a r a l l e l  development of t h e  c r o s s  s e c t i o n  and end c l o s u r e  proved t o  be 
ve ry  s a t i s f a c t o r y .  With good coord ina t ion  and shop support  t h e  f a b r i c a t i o n  
and t e s t i n g  of t h e  end c l o s u r e  concepts was  r a p i d  and economical. Furthermore,  
a precise a n a l y s i s  of end c l o s u r e s  w a s  considered beyond t h e  scope of t h i s  
pro gram. 

l 

I r a t e l y  b u t  s imultaneously.  S e l e c t i o n  of t h e  uniform s e c t i o n  des igns  w a s  based 
The end c l o s u r e  development 

Screening Test Specimens 

Based upon p re l imina ry  a n a l y s i s  and data of t h e  n a t u r e  shown i n  Figure 2 three 
simple c i r c u l a r  arc c o n f i g u r a t i o n  concepts were s e l e c t e d  f o r  prel iminary 
development and sc reen ing  purposes.  
14.  Specimens having t h e  same bead r a d i i  w e r e  formed using t h e  same forming 
d i e s .  These sc reen ing  tes t  specimens provide p re l imina ry  f a b r i c a t i o n  develop- .  
ment experience,  allowed development of end c l o s u r e  design and f a b r i c a t i o n  
concepts ,  checkout of test f i x t u r e s  and tes t  techniques,  and provided p re l imi -  
nary test d a t a  w i t h i n  t h e  a p p l i c a b l e  design ranges t o  assist i n  t h e  s e l e c t i o n  
of t h e  fou r  developmental c o n f i g u r a t i o n s .  T e s t  r e s u l t s  from t h e s e  specimens 
i n d i c a t e d  t h a t  t h e  c i r c u l a r  bead c o n f i g u r a t i o n s  were e a s i l y  formable and w e l l  
behaved and u l t i m a t e l y  l e d  t o  the  s e l e c t i o n  of t h e  more complex c o n f i g u r a t i o n s  
shown i n  F igu re  3. 

Those c o n f i g u r a t i o n s  are shown i n  Figure 

End Closure Evolut ion 

The end c l o s u r e  design e v o l u t i o n  included a number of f a b r i c a t i o n  and evalua- 
t i o n  cyc le s .  
only as models f o r  f u r t h e r  design improvements. Later specimens i n  t h e  evolu- 
t i o n  process  were t e s t e d  under va r ious  load cond i t ions  t o  determine what addi- 
t i o n a l  design improvements should be made. A d e s c r i p t i o n  of t h a t  evo lu t iona ry  
process  is p resen ted  below. 

The f i r s t  c y c l e s  included very simple specimens which served 

I 
* S i n g l e * s h e e t  end c l o s u r e s .  - Figure  15 shows t h e  f i r s t  specimen t h a t  w a s  

f a b r i c a t e d  t o  i l l u s t r a t e  t h e  concept of a developable bead with t h e  bead 
f l a t t e n e d  a t  the  end. Figure 16 shows t h e  f i r s t  beaded specimen with curved 
elements. Figure 17 shows the  f i r s t  t u b u l a r  specimen which w a s  f a b r i c a t e d  
us ing  the  d i e s  t h a t  were used i n  f a b r i c a t i n g  t h e  specimen shown i n  Figure 16.  
The uniform s e c t i o n  of t h e  specimen shown i n  Figure 1 7  w a s  chem mi l l ed  t o  pro- 
v ide  inc reased  th i ckness  i n  t h e  end c l o s u r e .  Figures  18 and 19 show e a r l y  
end c l o s u r e  specimens t h a t  were formed us ing  t h e  f i r s t  tapered end c l o s u r e  
forming d i e .  
e f f e c t i v e  area f o r  t r a n s f e r  of t h e  loads from t h e  end at tachments  t o  t h e  

The t ape red  end c l o s u r e s  were necessary t o  provide adequate 

I 18 
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1.36 IN (34.5 mm) ( 1  - 1) 
1.20 IN. (30.5 mm) (1-2) 

I I 

t = .032 IN (.81 mm) 

.050 IN (1.27 mm) 

r 1.20 IN. (30.5 mm) . I 
1.0 IN. (25.4 mm) 

Fipre 14: PRELIMINARY SCREENING TEST BEAD CONFIGURA TIONS 
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II 

~ 

I -  

Figure 16: FIRST BEADED SPECIMEN WITH Figure 15: FIRST END CLOSURE CONFIGURATION CURVED ELEMENTS 

I .  

Fiaure 17: FIRST TUBE SPECIMEN Figure 18: EARLY END CLOSURE WITH FLAT 

Figure 19: EARLY END CLOSURE WITHOUT FLAT 
Figure 20: FAILED END CLOSUREAXIAL 

CO MPR ESSI 0 N TEST SPECIMEN 
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uniform s e c t i o n .  
f a i l e d  because of inadequate  c o n t i n u i t y  of s t i f f n e s s  between t h e  end c l o s u r e  
and t h e  end attachment.  Specimens of t h i s  type a l s o  displayed excess ive  d i s -  
t o r t i o n  i n  t h e  area of the end c l o s u r e  when loaded i n  shear .  Specimens of the 
type shown i n  Figures  2 1  and 2 2  were then f a b r i c a t e d  i n  an at tempt  t o  o b t a i n  
improved s t i f f n e s s  a t  t h e  end of t he  end c losu re .  When prepared wi th  proper 
end at tachments  and loaded t h e s e  specimens developed adequate a x i a l  compression 
s t r e n g t h ,  but  they d i sp layed  excess ive  out-of-plane d i s t o r t i o n s  when loaded i n  
shea r .  The f i l l e r  blocks used i n  the  end c l o s u r e s  a l s o  c o n t i t u t e d  an 
undes i r ab le  weight penal ty .  

Figure 20 shows a f a i l e d  compression test specimen which 

End closures .  of t h e  type shown i n  Figure 23 were formed i n  an a t t e m p t  t o  e l i m i -  
n a t e  the above problems. 
than t h e  compression test specimen shown i n  Figure 2 0  i n  t h a t  i t  has  r e l a t i v e l y  
heavy "T" shaped chord members a long t h e  s i d e s  of t h e  t es t  specimen t o  t r ansmi t  
shear  loads.  Compression test specimens with the  formed bead end c l o s u r e s  of 
t h i s  design c a r r i e d  a x i a l  compression loads q u i t e  adequately.  However, when 
loaded i n  s h e a r  and monitored with Moire' g r i d  and s t r a i n  gages,  e x c e s s i v e  
out-of-plane bending s t r a i n s  and d e f l e c t i o n s  were again observed as i n d i c a t e d  
i n  Figure 2 4 .  In  t h i s  i n s t a n c e  t h e  Moire' l i n e s ,  which w e r e  obtained by 
p l ac ing  cu t  p i e c e s  of. g r ided  g l a s s  ad jacen t  t o  the s u r f a c e s  between t h e  beads,  
i n d i c a t e  la teral  displacements  of approximately .006 inches (.15 mm) p e r  l i n e .  
The observed out-of-plane d e f l e c t i o n s  r e s u l t  from t h e  l o c a l  couples which i n  
t u r n  r e s u l t  from t h e  d i s c o n t i n u i t y  i n  t h e  l o c a l  shea r  c e n t e r  f o r  t he  i n d i v i -  
dua l  beads. I n  t h e ' a r e a  of t h e  bead the  l o c a l  shear  c e n t e r  i s  l o c a t e d  o u t s i d e  
of t h e  contour of t he  bead. However, i n  t he  end attachment area t h e  shea r  
c e n t e r  is a t  t h e  cen te r  of t he  shee t .  Consequently l a r g e  out-of-plane de f l ec -  
t i o n s  occur which reduces shea r ing  s t i f f n e s s  and causes undes i r ab le  stress 
concen t r a t ions .  

The specimen s h o k  i n  Figure 23 is  a l s o  d i f f e r e n t  

Figure 25 shows a specimen t h a t  is i d e n t i c a l  t o  t h a t  shown i n  F igu re  24  w i t h  
t h e  except ion t h a t  two s h o r t  "T" s e c t i o n s  have been a t t ached  t o  e a c h . s i d e  of 
t h e  specimen. The Moire' g r i d  i n d i c a t e s  t ha t  the out-of-plane d e f l e c t i o n  
problem w a s  n o t  e l imina ted .  Figures  26  and 27 show two a d d i t i o n a l  specimens 
which were designed t o  t ransmi t  shea r  loads more e f f i c i e n t l y .  However, tests 
revea led  t h a t  t h e s e  designs were unsuccessful  i n  e l i m i n a t i n g  t h e  out-of-plane 
d e f l e c t i o n s  a s s o c i a t e d  with the  s i n g l e  s h e e t  beaded pane l s  loaded i n  shea r .  

Figure 2 8  shows t h e  l a s t  end c l o s u r e  specimen t h a t  w a s  f a b r i c a t e d  i n  an 
at tempt  t o  e l i m i n a t e  the  out-of-plane d e f l e c t i o n  problem. For t h i s  specimen 
the  s h i f t  i n  t h e  l o c a l  shea r  c e n t e r  occurred f a r t h e r  from t h e  end of t h e  bead 
and i t  maintained a l a r g e r  p o r t i o n  of out-of-plane bending s t i f f n e s s  of t h e  
bead s i d e  w a l l  t o  t h e  end of t he  j o i n t  s p l i c e  member. However, t h e  Moire' 
g r i d  l i n e s  seen i n  Figure 29 i n d i c a t e  t h a t  the out-of-plane d e f l e c t i o n  problem 
w a s  not  e l imina ted .  

The i n a b i l i t y  t o  e l i m i n a t e  the  s i n g l e  shee t  end c l o s u r e  out-of-plane de f l ec -  
t i o n  under shear  load r equ i r ed  some o t h e r  attachment technique t o  p e r m i t  
t e s t i n g  t h e  f l u t e d  s i n g l e  s h e e t  panels .  
shear  tes t  specimen with the  type of attachment t h a t  w a s  used i n  t e s t i n g  t h e  
corresponding pane l s .  An end chord or cap w a s  f a b r i c a t e d  from a t h i c k  

Figure 30 shows a f l u t e d  s i n g l e  s h e e t  
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figure 21: EARL Y END CLOSURE WITH FLATS 
BETWEEN BEADS 

Figure 22: EARLY END CLOSURE WITH NO 
FLATS BETWEEN BEADS 

figure 23: SINGLESHEET END CLOSURE 
SHEAR E S T  SPECIMEN 

. 

S ~ G L E  SHEET END CLOSURE LOADED IN SHEAR 

Figure 24: MOIRE PHOTOGRAPH OF SINGL E 
SHEET END CLOSURE LOADED IN SHEAR 

Figure 26: SINGLE SHEET END CLOSURE 
DEVELOPMENT SPECIMEN 
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Fiaure 28: SINGL ESHEET END CLOSURE SHEAR TEST SPECIMEN 

Figure 29: MOIRE PHOTOGRAPH OF SINGL E SHEET END CLOSURE 
LOADED IN SHEAR 
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aluminum p l a t e .  F i r s t ,  a s t r i p  of copper was formed t o  t h e  shape of t h e  cor- 
rugated s h e e t  and w a s  used as t h e  e l e c t r o d e  f o r  e l e c t r i c a l  d i scha rge  machining 
of a corresponding groove i n  t h e  aluminum p l a t e .  Next, a very s h o r t  s e c t i o n  
of corrugated s h e e t  w a s  i n s e r t e d  i n t o  t h e  groove and used as a guide f o r  
removal of t h e  excess  p o r t i o n  of t h e  p l a t e  by u s e  of a r o u t e r .  F i n a l l y  t h e  
cap w a s  a t t ached  t o  t h e  corrugated s h e e t  of t h e  test specimen by bonding. The 
specimen w a s  t e s t e d  i n  both compression and s h e a r  t o  loads  w e l l  i n  excess  of 
t h e  p r e d i c t e d  s t r e n g t h s  f o r  t h e  40 X 40 i nch  (1 X 1 m) pane l s ,  thus substan- 
t i a t i n g  t h e  design f o r  use wi th  t h e  f u l l  s i z e  p a n e l s .  

Two s h e e t  end c l o s u r e s .  - The two s h e e t  end c l o s u r e  development proceeded 
s imultaneously with t h e  s i n g l e  s h e e t  development us ing  the  same forming' d i e s  
i n  many i n s t a n c e s .  Figure 3 1  shows a Moire' g r i d  photograph of a two s h e e t  
end c l o s u r e  specimen t h a t  w a s  f a b r i c a t e d  us ing  t h e  same d i e s  used i n  forming 
t h e  s i n g l e  s h e e t  i n i t i a l  s c reen ing  c o n f i g u r a t i o n  specimens shown i n  Figures  23 
through 27. The Moire' l i n e s  i n d i c a t e  a bond p e e l  f a i l u r e  occurred a t  a shear  
load approximately equa l  t o  t h e  va lue  which was  p r e d i c t e d  as t h e  pure shea r  
load s t r e n g t h  of t he  f u l l  s i z e  pane l s .  The fo rces  d r i v i n g  t h e  bond p e e l  
f a i l u r e  i n  the  two s h e e t  specimens w e r e  t he  same as those  d r i v i n g  t h e  out-of- 
plane d e f l e c t i o n s  i n  t h e  s i n g l e  s h e e t  specimens. The r o t a t i o n s  observed i n  
t h e  s i n g l e  s h e e t  specimens d i d  not  occur i n  . the two s h e e t  specimens s i n c e  the  
couples  induced i n  one of t h e  two s h e e t s  oppose those i n  t h e  o t h e r ,  as i s  
evidenced by t h e  bond f a i l u r e  i n  Figure 31. 

The s h e a r  s t r e n g t h  of t h e  c i r c u l a r  tube specimens of t h e  i n i t i a l  s c reen ing  
test c o n f i g u r a t i o n  w a s  i nc reased  somewhat by a d d i t i o n  of r i v e t s  i n  t h e  area 
of t h e  end c l o s u r e .  Figure 32 shows a p o r t i o n  of a specimen which w a s  loaded 
i n  s h e a r  u n t i l  t h e  r i v e t s  f a i l e d  i n  t e n s i o n  and t e a r i n g  of t h e  formed s h e e t  
occurred. 

F igu re  33 shows a specimen which is similar t o  t h a t  shown i n  F igu re  32 except  
t h a t  e x t e r n a l  doublers  were added i n  the  area of t h e  f l a t s  where t h e  r i v e t s  
were i n s t a l l e d .  As seen  i n  t h e  photograph t h i s  specimen f a i l e d  by buckl ing 
of t h e  tube  w a l l  i n  t h e  end c l o s u r e  t r a n s i t i o n  s e c t i o n .  The f a i l u r e  load  w a s  
very n e a r l y  equa l  t o  the  s h e a r  s t r e n g t h  of t he  corresponding uniform s e c t i o n  
tube  specimens t h a t  were t e s t e d .  Compression test specimens of t he  design 
shown i n  F igu re  33 f a i l e d  by buckl ing i n  t h e  uniform s e c t i o n .  These tests 
i n d i c a t e d  t h a t  t h e  end c l o s u r e  w a s  a t  least  as s t r o n g  as the  uniform s e c t i o n  
and thereby v e r i f i e d  t h e  end c l o s u r e  design.  

The optimized panel  c r o s s  s e c t i o n  f o r  t h e  c i r c u l a r  t ube  panels  shown i n  Figure 
3 was d i f f e r e n t  from t h a t  shown i n  Figure 14 f o r  t h e  sc reen ing  test  configura-  
t i o n s .  Therefore  new end c l o s u r e  forming d i e s  had t o  be made and a d d i t i o n a l  
improvements were inco rpora t ed  i n  t h e  design.  Figure 34 shows a developmental 
p a r t  made from t h e  improved c i r c u l a r  tube end c l o s u r e  d i e s .  This  photograph 
shows t h e  a d d i t i o n  of a secondary bead i n  t h e  area of t h e  end c l o s u r e .  
secondary beads se rve  t h r e e  - b a s i c  f u n c t i o n s .  
unsupported f l a t s ,  they i n c r e a s e  t h e  moment of i n e r t i a  a t  t h e  end of t h e  panel  
and they provide much b e t t e r  l o c a l  c o n f i g u r a t i o n  c o n t r o l .  
shown i n  Figure 34 w a s  made s l i g h t l y  longer  and t h e r e f o r e  less ab rup t  than t h e  
previous c i r c u l a r  tube end c l o s u r e s  i n  o rde r  to  reduce t h e  stresses of the 

. 

The 
They s t a b i l i z e  t h e  otherwise 

The bead end c l o s u r e  
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Figure 30: FLUTED SINGLE SHEET END Figure 31: MOIRE PHOTOGRAPH OF CIRCULAR 
ATTACHMENT SHEAR TESTSPECIMEN TUBE END CLOSUREAFTER SHEAR LOAD 

INDUCED BOND FAILURE 

Figure 32: CIRCULAR TUBEAFTER SHEAR Figure 33: TUBULAR SPECIMEN FAILED IN SHEAR 
LOAD INDUCED FAILURE 
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type t h a t  caused t h e  bond pee l ing  f a i l u r e  under shea r  load  shown i n  Figure 31.  
End c losu res  of t h e  des ign  shown i n  F igure  34 were used for f a b r i c a t i o n  of t h e  
f u l l  s i zed  test panels .  However, t h e  external doublers  were no t  included i n  
the  end c losu res  f o r  t h e  f u l l  s i z e  pane ls  s i n c e  these  pane ls  were n o t  designed 
f o r  shear  load alone.  No s e p a r a t e  end c l o s u r e  specimens of t h i s  des ign 'were  
t e s t e d .  Subsequent t o  l a r g e  pane l  tests (d iscussed  i n  a later s e c t i o n  of t h i s  
r e p o r t )  an end c l o s u r e  w a s  developed which e l imina ted  the  v e r t i c a l  f i n s  a long 
the  crest of each bead. This  end c l o s u r e  is shown i n  Figure 35. 

Fluted  tube  end c losu res .  - Designs f o r  t h e  f l u t e d  tube end c l o s u r e s  were 
developed subsequent t o  those  f o r  t h e  c i r c u l a r  tube end c losu res .  Consequently 
they d u p l i c a t e  many of t h e  d e t a i l s  of t he  c i r c u l a r  tube end c losures .  One 
s i g n i f i c a n t  d i f f e r e n c e  w a s  t h a t  s eve re  forming of t h e  th inne r  s h e e t s  r e s u l t e d  
i n  l o c a l  wr inkl ing  of t h e  f l a t s .  F igure  36 shows one of t he  high load f l u t e d  
tube end c losu re  developmental p a r t s  wi th  t h e  wr inkles  t h a t  e x i s t e d  a f t e r  
forming. The wr inkles  were e l imina ted  by t h e  f i n a l  high-energy rate e l e c t r o -  
hydraul ic  s i z i n g  ope ra t ion  d iscussed  previous ly .  F igu re  37 shows a specimen 
which is  r e l a t i v e l y  f r e e  of l o c a l  wr inkles  fo l lowing  f i n a l  s i z i n g .  Figure 38 
shows t h e  end c losu re  area of one of t h e  high load f l u t e d  tube  pane l s  a f t e r  
bonding and r i v e t i n g  of the f inge red  external doublers  bu t  before  p repa ra t ion  
of t h e  edges.  
f a i l e d  by a combination of ax ia l  compression and shear  a t  a load l e v e l  w e l l  
above the  p red ic t ed  s t r e n g t h  f o r  t h e  f u l l  s i z e  test panels .  

Figure 39 shows an end c l o s u r e  specimen of t h e  same des ign  t h a t  

Figure 40 shows a low load f l u t e d  tube end c l o s u r e  t es t  specimen t h a t  f a i l e d  
i n  a x i a l  compression. Th i s  end c l o s u r e  conf igu ra t ion  w a s  s e l e c t e d  t o  incor-  
po ra t e  f e a t u r e s  similar t o  those  shown i n  Figures  35 and 37.  
two small secondary beads t h a t  were used t o  prevent  buckl ing i n  each of t he  
l a r g e  f l a t  areas. 
occurred i n  t h e  uniform s e c t i o n  r a t h e r  than the  end c l o s u r e ,  a l though no e x t e r -  
n a l  doublers  were used. Only a s i n g l e  f ingered  doubler  of t h i ckness  equa l  t o  
the  face s h e e t  t h i ckness  w a s  used between t h e  two f ace  shee t s .  I n d i v i d u a l  and 
combined load tests v e r i f i e d  the  adequacy of t h e  two f l u t e d  tube end c l o s u r e  
des igns .  

F igure  40 shows 

A s  seen  i n  F igure  40 t h e  end c l o s u r e  specimen f a i l u r e s  

Panels  

A l l  of t he  f u l l  s i z e  pane ls  were designed and f a b r i c a t e d  with t h e  uniform 
s e c t i o n s  ind ica t ed  i n  Figure 3 and wi th  t h e  end c losu res  descr ibed  above. The 
f l u t e d  s i n g l e  shee t  pane ls  and t h e  c i r c u l a r  tube  panels  were t e s t e d  without  
f u r t h e r  modi f ica t ion .  However, because of degraded panel  performance due t o  
c ros s  s e c t i o n a l  d i s t o r t i o n  (descr ibed  under "Tes t  Resul ts")  a d d i t i o n a l  modif i- 
ca t ions  were made t o  t h e  f l u t e d  tube panels .  Af t e r  t he  i n i t i a l  tests, the  
f i r s t  low load f l u t e d  tube  pane l ,  2A-1-P-1, w a s  modified by i n s e r t i n g  machined 
rods as spacers  and i d e n t i f i e d  as 2A-1-P-1M. 
r ep resen t s  40 inch by 40 inch (lm by lm) .pane l ) .  
t o  prevent  f l a t t e n i n g  of t he  beads.  
modified panel .  Figure 42 a l s o  shows one of t h e  machined space r s  l y i n g  i n  t h e  
f l u t e  of one of t h e  beads.  A mast ic  material w a s  app l i ed  t o  the rounded end 
and t h e  shoulder  on t h e  space r s  t o  hold t h e  spacers i n  p l a c e  u n t i l  loaded. 

("P" i n  specimen nomenclature 
T h e  purpose of the  space r s  w a s  

Figures  4 1  and 42 shows views of t h e  
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Figure 34: FINAL CIRCULAR TUBE END CLOSURE 

Figure 35: ALTERNATE CIRCULAR TUBE END CLOSURE 
. .  

c 
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Figure 36: INTERMEDIATE STAGE 2A-2 END CLOSURE 
SHOWING FORMING WRINKLES 

Fiwre37: FINAL FLUTED TUBE END CLOSURE 

k 
Figure38: END CLOSURE WITH EXTERNAL DOUBLERS AND RIVETS 
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Figure 39: END CLOSURE SPECIMEN FAILED IN COMBINED AXIAL 
COMPRESSION AND SHEAR 

c 

Figure 40: FA1 L ED LOW LOA D FL U TED TUBE COMPRESSION SPECIMEN 
c 

? 
8 
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Figure 41: PANEL 2A-1-P-lM 

Figure42: PANEL .?A-1-P-1M AND MACHINED SPACER 
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Afte r  i n i t i a l  t e s t i n g ,  t he  f i r s t  of the high load f l u t e d  tube pane l s  w a s  modi- 
f i e d  by i n s e r t i n g  rods as space r s  i n  t h e  manner j u s t  desc r ibed .  
panel  w a s  des igna ted  2A-2-P-1M. Further  t e s t i n g  of t h e  modified pane l  i n d i -  
ca t ed  t h a t  s i m p l e  spacers d id  not  prevent tube d i s t o r t i o n a l  modes from 
degrading pane l  performance. 
were modified by adding tube s t a b i l i z e r  i n s e r t s  designed t o  r e s t r a i n  these tube  - 
d i s t o r t i o n a l  modes. 

The modified 

The remaining two high load f l u t e d  tube specimens 

A p o r t i o n  of t h e  second high load f l u t e d  tube pane l  assembly, 2A-2-P-2MY i s  
shown i n  Figure 4 3 .  The f i g u r e  shown i n s e r t s  which were r i v e t e d  t o  t h e  f i r s t  
beaded f a c e  s h e e t .  Af t e r  bonding t h e  two f a c e ' s h e e t s  t o g e t h e r  t h e  i n s e r t s  were 
a t t ached  t o  t h e  second f a c e  s h e e t  by b l i n d  f a s t e n e r s .  

Figure 44 shows a p o r t i o n  of one f a c e  s h e e t  of panel  2A-2-P-3M wi th  i n s e r t s  
bonded i n  place. The bonding of t h e s e  i n s e r t s  w a s  unsuccess fu l  because ade- 
qua te ,  uniform bonding p r e s s u r e  could no t  be maintained. 
material w a s  placed between t h e  formed inserts and t h e  beaded s h e e t  i n  areas 
where the app l i ed  p res su re  had not r e s u l t e d  i n  good con tac t .  Following the. 
p o t t i n g ,  fou r  mechanical f a s t e n e r s  were i n s t a l l e d  in each inse r t ,  l o c a t i n g  
two i n  each bead w a l l .  

A dense p o t t i n g  

. 
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Figure 43: PANEL 2A-2-P-2 M INSERTS 

I -  
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Figure&: PANEL 2A-2-P-3 M INSERTS 



TEST SPECIMENS 

The beaded and t u b u l a r  specimens t h a t  were f a b r i c a t e d  and t e s t e d  f o r  t h i s  pro- 
gram corresponded t o  n i n e  uniform c ross  s e c t i o n  designs as i n d i c a t e d  i n  F igu res  
3 and 14.  Specimens of t h e  f i v e  c r o s s  s e c t i o n s  shown i n  F igu re  14 were i d e n t i -  
f i e d  as sc reen ing  test specimens. The v a r i o u s  test specimens included t h e  
necessary elements and d e t a i l s  r equ i r ed  t o  provide t h e  d e s i r e d  boundary con- 
d i t i o n  o r  i n t e r f a c e  with t h e  a p p l i c a b l e  test  f i x t u r e s .  I n  a l l  cases the  i n t e r -  
n a l  and e x t e r n a l  doublers  used at t h e  specimen ends and edges w e r e  of t he  same 
material gage as t h e  beaded s h e e t s .  

Local Buckling T e s t  Specimens 

The f l u t e d  s i n g l e  s h e e t  test  specimen shown i n  Figure 45 is t y p i c a l  of t h e  
l o c a l  buckl ing specimens t e s t e d  i n  t h i s  program. The chords and prepared ends 
on t h e  specimen shown i n  Figure 45 are s imilar  t o  those  shown i n  Figure 39 f o r  
t h e  end c l o s u r e  t es t  specimens. 
the specimen w e r e  provided t o  c a r r y  the  major p o r t i o n  of t h e  inp lane  bending 
moment t h a t  r e s u l t e d  from applying inp lane  shea r  t o  t h e  ends of t h e  test spec i -  
men. 
t h e  chord loads  t o  the  test f i x t u r e .  
both t o  r e t a i n  t h e  shape of t he  end of t h e  specimen and t r ansmi t  t he  inp lane  
shear  l oad  from t h e  test f i x t u r e  t o  t h e  test specimen. The p o t t i n g  material 
a l s o  permit ted the  l o c a l  buckl ing test specimens t o  b e  loaded i n  bending normal 
t o  t h e  p l ane  of t h e  specimen by applying equa l  and oppos i t e  couples  t o  t h e  ends 
of t h e  specimens. 

The heavy "T" s e c t i o n  chords a t  the  edges of 

The channel  members a t  %e ends of t h e  chords w e r e  provided t o  t r ansmi t  
The high d e n s i t y  p o t t i n g  material se rved  

The l o c a l  buck l ing  specimens were uniform i n  c r o s s  s e c t i o n  along t h e  specimen 
l eng th  and were approximately 18 inches (460 mm) wide. The t u b u l a r  specimens 
t y p i c a l l y  had an unsupported l eng th  of 10 inches (250 mm). The f l u t e d  s i n g l e  
s h e e t  specimens, which were expected t o  d i s p l a y  longer  wave l e n g t h  l o c a l  
buckles  w e r e  f a b r i c a t e d  with a 30 inch (750 mm) unsupported l e n g t h .  

A l i m i t e d  number of the l o c a l  buckl ing specimens were designed s p e c i f i c a l l y  t o  
be t e s t e d  i n  pure axial compression o r  bending. They w e r e  prepared without  t h e  
chord and chord attachment members. 

Panel Test Specimens 

Figure 46 shows panel  2A-2-P-2M a f t e r  f a b r i c a t i o n .  I t  is t y p i c a l  of t h e  f u l l  
s i z e  t u b u l a r  panels  i n  t h a t  t hey  have a nominal unsupported l e n g t h  and .wid th  
of 40 X 40 i nch  (1 x 1 m) and one inch  (25 mu) prepared edges with e x t e r n a l .  
doub le r s  a long  a l l  f o u r  s i d e s  f o r  a t tachment .  Thus t h e  o v e r a l l  panel  l e n g t h  
is 42 inches  (1.07 m) and the  o v e r a l l  width v a r i e s  from approximately 42 inches 
(1.07 m) t o  43.7 inches (1.11 m) as necessary t o  accommodate an i n t e g r a l  number 
of tubes depending on t h e  conf igu ra t ion .  
load f l u t e d  tube panels  are i n t e g r a l  with t h e  e x t e r n a l  end c l o s u r e  doublers  as 
shown i n  F igu re  36. The attachment doublers  f o r  t h e  c i r c u l a r  t u b u l a r  panels  
and the  low load  f l u t e d  tube panels  are separate s t r i p s  of material bonded i n  
p l a c e  as shown i n  Figures  11, 12 and 13. 

The attachment doublers  on the  high 

. 
* 
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Figure 45: FLUTED SINGLE SHEET LOCAL BUCKLING TESTSPECIMEN 

I .  

Figure 46: TEST PANEL 2A-2-P-2M 
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The f l u t e d  s i n g l e  s h e e t  pane l s  employed end attachment p l a t e s  similar t o  t h a t  
shown i n  Figure 30 with t h e  a d d i t i o n  of a f l a n g e  t o  permit a t tachment .  The 
edge doublers  were similar t o  those used on t h e  t u b u l a r  pane l s .  

A summary of the mass p r o p e r t i e s  of t h e  panel  test specimens is given i n  
Table 1. The t o t a l  masses were obtained by weighing t h e  f i n i s h e d  pane l s  
a f t e r  f i n a l  trimming and d r i l l i n g  of attachment ho le s .  
area w a s  c a l c u l a t e d  from t h e  t o t a l  mass and the  o v e r a l l  dimensions. The skin 
m a s s  p e r  u n i t  area was  c a l c u l a t e d  from the  panel  uniform c r o s s  s e c t i o n  geom- 
e t r y ,  and t h u s  r e p r e s e n t s  an  i d e a l  panel weight without  any p e n a l t y  f o r  
doub le r s ,  f a s t e n e r s ,  o r  i n s e r t s .  The manufactured c r o s s  s e c t i o n  dimensions 
f o r  t h e  two high load  conf igu ra t ions  d i f f e r  s l i g h t l y  from t h o s e  i n d i c a t e d  
i n  Figure 3 i n  o r d e r  t o  use  s t anda rd  material gages. .These d i f f e r e n c e s  are 
discussed i n  Reference 9 ,  Masses i n d i c a t e d  f o r  doublers  and f a s t e n e r s  
i n c l u d e  a l l  i n t e r n a l  and e x t e r n a l  doub le r s ,  a l l  bonding material, and a l l  
r i v e t s  used i n  r e i n f o r c i n g  end c l o s u r e s  and a t t a c h i n g  i n s e r t s ,  but  do not  
i nc lude  f a s t e n e r s  f o r  a t t a c h i n g  the  panels  t o  t h e  tes t  f i x t u r e .  
masses given f o r  t he  f l u t e d  s i n g l e  s h e e t  panel  specimens are no t  r e p r e s e n t a t i v e  
of f l i g h t  hardware because t h e  excess material i n  t h e  end attachment p l a t e s  w a s  
not removed b y ' r o u t i n g ,  as i t  w a s  i n  t he  end c l o s u r e  specimen seen i n  Figure 
30. 

T o t a l  mass p e r  u n i t  

The t o t a l  
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INSTRUMENTATION 

Varying amounts of ins t rumenta t ion  were used wi th  t h e  d i f f e r e n t  test specimens 
t o  p e r m i t  monitor ing of stresses, out-of-plane d e f l e c t i o n s  and t h e  a s s o c i a t e d  
f a i l u r e  modes. 

a 

. 
S t r a i n  Gages 

S t r a i n  gages and s t r a i n  r o s e t t e s  were i n s t a l l e d  on each panel  t o  monitor 
stress d i s t r i b u t i o n s  and t o  o b t a i n  f o r c e / s t i f f n e s s  nondes t ruc t ive  tes t  d a t a .  
The t o t a l  number of channels va r i ed  from 40 t o  60, depending on t h e  expected 
complexity o r  on the  unce r t a in ty  of t he  panel  response.  F igure  47 shows t h e  
arrangement of s t r a i n  gages used with panel  2-2-P-1 which w a s  t h e  f i r s t  panel  
t e s t e d .  S t r a i n  gages were a l s o  i n s t a l l e d  on t h e  chords of t h e  pane l  tes t  
f i x t u r e  t o  p e r m i t  p o s i t i v e  i d e n t i f i c a t i o n  of t h e  po r t ions  of t h e  app l i ed  loads  
t h a t  were c a r r i e d  by t h e  chords.  This  e x t e n t  of i n s t rumen ta t ion  was con- 
s i d e r e d  necessary  t o  determine stress d i s t r i b u t i o n s  w i t h i n  t h e  t es t  pane l s ,  t o  
s impl i fy  the  c o r r e l a t i o n  of t h e  tes t  r e s u l t s  and t o  prevent  premature f a i l u r e  
i n  the  boundary. The f a i l u r e s  have gene ra l ly  i n i t i a t e d  a t  t h e  c e n t e r  r a t h e r  
than the edges of t h e  test specimens i n d i c a t i n g  t h a t  s a t i s f a c t o r y  boundaries  
were achieved. 

End c l o s u r e  specimens were s t r a i n  gaged only when i n v e s t i g a t i n g  p a r t i c u l a r  
problems. Correspondingly,  t h e  number of s t r a i n  gages used wi th  t h e  l o c a l  
buckl ing test specimens ranged from none f o r  t h e  i n i t i a l  s c reen ing  tes t  
specimens loaded only i n  shea r  t o  approximately 24 f o r  t h e  f i n a l  combined 
load  tes t  specimens. 

Grid Shadow Moire' 

The g r i d  shadow Moire' monitoring technique descr ibed  i n  Reference 1 7  and 
dep ic t ed  i n  Figure 48 w a s  used i n  i d e n t i f y i n g  d e t a i l e d  f a i l u r e  modes. The 
technique p e r m i t s  d i r e c t  observa t ion  of the  out-of-plane d e f l e c t i o n s  of 
i n i t i a l l y  p lane  su r faces  of t he  test specimen. The Moire' monitoring tech- 
n ique  w a s  used i n  the  i n i t i a l  end c l o s u r e  development t o  i d e n t i f y  t h e  occur- 
rence and n a t u r e  of deformations a s s o c i a t e d  wi th  t h e  d i f f e r e n t  end c l o s u r e  
des igns .  Moire' w a s  a l s o  used i n  t h e  l o c a l  buckl ing tests and t h e  f u l l  s i z e  
pane l  tes ts  t o  i d e n t i f y  t h e  var ious  buckle  modes as they developed. 

As i nd ica t ed  i n  Figure 48 the  g r i d  shadow Moire' monitoring technique r e q u i r e s  
a high i n t e n s i t y  po in t  l i g h t  source ,  a ru l ed  r e fe rence  g r i d  and a camera o r  
an observer .  The out-of-plane d e f l e c t i o n s  are observed as Moire' f r i n g e  l i n e s  . 
t h a t  r e s u l t  from viewing t h e  shadow of t h e  ru l ed  g r fd  through the  g r i d .  The 
ske tch  i n  Figure 48 i n d i c a t e s  t h r e e  viewed s u r f a c e  p o s i t i o n s  loca t ed  such t h a t  
the  f i r s t  and t h i r d  p o s i t i o n  w i l l  produce dark image bands and the  immediate . 
p o s i t i o n  w i l l  r e s u l t  i n  t h e  maximum light. .  The s e n s i t i v i t y ,  which corresponds 
t o  t h e  d i s t a n c e  between the  f i r s t  and t h i r d  p o s i t i o n s  i s  ,determined by the  
g r i d  spac ing  and t h e  angle  t o  t h e  l i g h t  source .  Examples of g r id  shadow 
Moire' photographs are shown i n  Figures  24 ,  25, 29 and 31. 
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TEST i TECHNIQUE 
I 

* Ful l  s i z e  40 x 40 inch ( 1  x 1 meter) ,pane ls  of each of t h e  des igns  were f a b r i -  
ca t ed  and t e s t e d  under combined loads  i n  t h e  f i x t u r e  shown i n  F igure  4 9 .  The 
combined load  t e s t  technique w a s  an ex tens ion  of a system developed t o  t es t  

Reference 18. Compression w a s  app l i ed  t o  t h e  pane l  by t h e  two ver t i ca l  actu-  
a t o r s ,  and shea r  w a s  app l i ed  by t h e  h o r i z o n t a l  a c t u a t o r  shown t o  t h e  l e f t  of 
t h e  c e n t e r  of t h e  t e s t  panel .  An a i r  bag system, shown i n  F igure  50, i s  
loca ted  behind t h e  t es t  pane l  t o  produce bending i n  t h e  tes t  pane l .  F igures  
49 and 50 a l s o  show the  r i g i d  t r u s s  system and t h e  p ivoted  l i n k s  t h a t  were 
used t o  restrict  motion of t h e  panels ' ;  t o  prevent  gene ra l  i n s t a b i l i t y  of t h e  

shear  beams i n  suppor t  of t h e  Boeing SST development program descr ibed  i n  

t h r e e  panel  system. 1 

Extens ive  f i n i t e  element ana lyses  were conducted t o  support  t h e  des ign  of t h e  
t e s t  beam and i t s  chords,  j o i n t s ,  b u f f e r  bays and loading  p l a t e s ,  t o  minimize 
t h e  undes i r ab le  in f luences  of t h e  boundary members upon the  stress d i s t r i b u -  
t i o n s  wi th in  t h e  tes t  pane l .  The inp lane  moments of i n e r t i a  of t h e  j o i n t  mem- 
b e r s  and t h e  chords of t h e  test beam were minimized t o  reduce t h e  Vierendeel  
t r u s s  e f f e c t .  It w a s  necessary  t o  provide enough l a t e r a l  and t o r s i o n a l  s t i f f -  
ness  i n  t h e  chord and j o i n t  members t o  prevent  l o c a l  i n s t a b i l i t y  i n  t h e  
boundary members'. 

F o r c e / S t i f f n e s s  Nondes t ruc t ive  T e s t  Technique 

Both the  q u a n t i t y  and q u a l i t y  of t h e  t es t  d a t a  a v a i l a b l e  from t h i s  program 
were enhanced by the  F o r c e / S t i f f n e s s  (F/S) nondes t ruc t ive  buckl ing  test tech- 
nique descr ibed  i n  Reference 8. The F/S technique  permi ts  monitor ing dur ing  
a tes t  t o  observe proximity t o  and magnitude of t h e  c r i t i c a l  buckl ing  load  
wi thout  f a i l i n g  t h e  tes t  specimen. Thus, t h e  F/S t echnique  pe rmi t t ed  i d e n t i -  
f i c a t i o n  of t h e  c r i t i c a l  buckl ing  load  f o r  each of several d i f f e r e n t  load  
cond i t ions  f o r  each of t h e  test panels .  The a b i l i t y  t o  d e f i n e  numerous f a i l -  
u r e  loads  on a s i n g l e  specimen e l imina ted  the  e f f e c t s  of d a t a  scat ter  which 
normally r e s u l t  from specimen-to-specimen d i f f e r e n c e s .  Consequently,  major 
improvements were r e a l i z e d  i n  t h e  q u a l i t y  of t h e  test d a t a  and i n  t h e  a b i l i t y  
t o  c o r r e l a t e  t h e  t es t  r e s u l t s  wi th  t h e  a n a l y t i c a l  p r e d i c t i o n s .  

The methodology of t he  F/S technique is  based on two s imple f a c t s :  (1) f o r  
c l a s s i c a l  buckl ing ,  d a t a  i n  t h e  F/S format forms a s t r a i g h t  l i n e  which i n t e r -  
sects t h e  load  ax is  a t  t h e  c r i t i c a l  buckl ing  load ;  (2 )  a l i m i t i n g  s t r a i n  
l e v e l  ( y i e l d  s t r a i n  o r  a s t r a i n  which d e f i n e s  l o c a l  c r i p p l i n g )  p l o t s  as a 
s t r a i g h t  l i n e ,  the i n t e r s e c t i o n  of which by an F/S p l o t  s i g n i f i e s  l o c a l  f a i l -  
u re .  The c h a r a c t e r i s t i c s  of t he  method i n  t h e s e  two s i t u a t i o n s  are d i scussed  
b r i e f l y  below. ' 

The c l a s s i c a l  buckl ing  deformations of an i n i t i a l l y ,  imperfec t  structure can 
usua l ly  be r ep resen ted  q u i t e  a c c u r a t e l y  by t h e  w e l l  known equa t ion  
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Figure 49: PANEL TEST FIXTURE 
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Figure 50: PANEL TEST FIXTURE SHOWING PRESSURE BAG AND LATERAL SUPPORT 
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where D and F are, r e s p e c t i v e l y ,  displacement o r  s t r a i n ,  and f o r c e  o r  p re s su re  
q u a n t i t i e s .  
c l a s s i c a l  buckfing load.  
s t i f f n e s s ,  

D is an i n i t i a l  imperfect ion and Fcr is a gene ra l  i n s t a b i l i t y  
The equat ion  is e a s i l y  put  i n  t h e  form of a 

F - F  cr F 
D 

. 
- f  

DO 

From t h e  equat ion  i t  is seen t h a t  a p l o t  of F/D vs .  F ( t h e  F/S p l o t )  is a 
s t r a i g h t  l i n e  i n t e r s e c t i n g  the F-axis a t  the c r i t i c a l  gene ra l  i n s t a b i l i t y  
load ,  Fcr. 
t i o n  sugges ts  t h a t ,  even f o r  complex buckl ing problems, an F/S p l o t  which is  
i n c l i n e d  downward t o  t h e  r i g h t ,  as shown i n  the f i g u r e ,  i s  a clear i n d i c a t i o n  
of approaching buckl ing.  For buckl ing which is c l a s s i c a l ,  o r  is c l a s s i c a l  i n  
i t s  e a r l y  s t a g e s ,  the i n t e r s e c t i o n  of t h i s  l i n e  wi th  the  h o r i z o n t a l  axis,  
ob ta ined .by  e x t r a p o l a t i o n  dur ing  t e s t i n g ,  is an estimate of the gene ra l  
i n s t a b i l i t y  load.  

This  behavior is i l l u s t r a t e d  i n  Figure 51. , T h i s  s i m p l e  considera-  

The buckl ing f a i l u r e  of a test specimen is u l t i m a t e l y  caused by material f a i l -  
u r e  and/or by a l o c a l  c r i p p l i n g  i n s t a b i l i t y  which renders  the specimen 
incapable  of suppor t ing  load.  
of coupon specimens, a s t r a i n  l e v e l  is determined a t  which l o c a l  f a i l u r e  w i l l  
occur.  This  l i m i t i n g  s t r a i n  va lue  can be represented  convenient ly  on an  F/S 
p l o t  as shown i n  Figure 52. 
sen ted  by a s t r a i g h t  l i n e  pass ing  through t h e  o r i g i n ,  whose ( sca led)  i nve r se  
s l o p e  is Dcr. I n  a test of a s t r u c t u r e  which inco rpora t e s  p a r t s  whose l o c a l  
s t r e n g t h  is  represented  by DCr, f a i l u r e  is i n d i c a t e d  by the i n t e r s e c t i o n  of 
t he  F/S p l o t  wi th  t h e  l i m i t i n g  s t r a i n  l i n e .  
ca ted  f a i l u r e  f o r  two types of p re - f a i lu re  behavior :  linear e l a s t i c  behavior ,  
which p l o t s  as a s t r a i g h t .  h o r i z o n t a l  l i n e ;  and a buckl ing behavior ,  which shows 
a downward-to-the-right s lope .  This approach has  proved v e r y  v a l u a b l e  f o r  
nondes t ruc t ive  monitoring f o r  l o c a l  buckl ing o r  c r i p p l i n g  f a i l u r e  while con- 
ducting the pane l  t e s t s .  

Suppose that e i t h e r  a n a l y t i c a l l y  o r  by tests 

The l i m i t i n g  s t r a i n ,  denoted by DCr, is repre- 

Figure 52 i l l u s t r a t e s  s u c h - i n d i -  

T e s t  Procedure 

The F/S technique w a s  used t o  i d e n t i f y  f a i l u r e  loads  f o r  many load cond i t ions  
app l i ed  t o  the  i n d i v i d u a l  tes t  pane ls .  I n  gene ra l ,  the  matrix of load condi- 
t i o n s  shown i n  Table 2 were app l i ed  t o  t h e  pane ls .  
(6.9 kN/m2) w a s  used i n  t e s t i n g  t h e  pane ls  designed f o r  load cond i t ion  1, and 
a maximum pres su re  of 2 p s i  (13.8 kN/m2) w a s  used i n  t e s t i n g  t h e  pane ls  
designed f o r  load cond i t ion  2. 

A maximum pres su re  of 1 p s i  

To o b t a i n  the  bes t  p o s s i b l e  accuracy,  the  tes t  load condi t ions  were app l i ed  i n  
sequence t o  a given percentage of the  p red ic t ed  s t r e n g t h .  F/S p r e d i c t i o n s  were ? 

made from these  da t a .  The percentage  was then increased  and t h e  load condi- 
t i o n s  were repea ted .  
d a t a  and t h e  pane ls  were f i n a l l y  t e s t e d  t o  f a i l u r e  in a s e l e c t e d  load condi- 
t i o n .  The f a i l u r e  loads provided a check on t h e  F/S s t r e n g t h  p r e d i c t i o n s .  

Improved F/S p r e d i c t i o n s  were made from the h ighe r  load 
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TA !E 2 (a): TEST LOAD CONDITIONS FOR DESIGN LOAD CONDITION 1 PANELS 
TEST LOAD COMP. V S  SHEAR LATERAL PRESSURE 
CONDITION LOAD RATIO p = CONSTANT 

1 1 0 0 

2 0 1 0 

3 1 115 0 

4 1 1 I3 0 

5 1 0 0.5 (3.4) 

6 1 0 1.0 (6.9) 

7 - 0  1 0.5 (3.4) 

8 0 1 1.0 (6.9) 

9 1 113 0.5 (3.4) 

10 1 1 I3 1.0 (6.9) 
~~ ~ 

TABLE 2 fb): TEST LOAD CONDITIONS FOR DESIGN LOAD CONDITION 2 PANELS 

TEST LOAD COMP. VS SHEAR LATERAL PRESSURE 
CONDITION LOAD RATIO p = CONSTANT 

Nx Nxv psi (kN/m2) 

1 0 

0 1 

1 115 

1 113 

1 0 

1 0 

O b  1 

0 1 

1 115 

0. 

0 

0 

0 

1.0 ( 6.9) 

2.0 (13.8) 

1.0 ( 6.9) 

2.0 (13.8) . 

1.0 ( 6.9) 

10 1 115 2.0 (13.8) 
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Each of t h e  pane l  tests was monitored by t h e  Moire' technique i n  o rde r  t o  
i d e n t i f y  deformation modes and t o  a i d  i n  s e l e c t i n g  t h e  s t r a i n  gage channels 
t o  produce the  d e s i r e d  F/S p l o t s .  
ously us ing  d i f f e r e n t  s t r a i n  gage d a t a  as i n p u t  f o r  each F/S p l o t .  The F/S 
p l o t s  developed from t h e  d e f l e c t i o n  or s t r a i n  gage' d a t a  b e s t  r e p r e s e n t i n g  t h e  

- c r i t i ca l  d e f l e c t i o n  modes a l s o  produced t h e  lowest buckl ing load p r e d i c t i o n s .  
The d i f f e r e n c e  between o u t p u t s  of two back-to-back s t r a i n  gages was  u s u a l l y  
found t o  provide t h e  b e s t  F/S i n d i c a t i o n  of g e n e r a l  pane l  i n s t a b i l i t y .  

Seve ra l  F/S p l o t s  w e r e  generated simultane- 

The d e t a i l e d  t es t  procedures are provided i n  Reference 11. 

I .  
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TEST RESULTS 

Large amounts of test d a t a  were generated f o r  each of t h e  opt imized configura-  
t i o n s  shown i n  Figure 3 as w e l l  as the  sc reen ing  test conf igu ra t ions  shown i n  
Figure 12. The d a t a  included t h e  as - fabr ica ted  specimen dimensions,  material 
coupon test r e s u l t s ,  load  and s t r a i n  gage d a t a ,  F/S p l o t s  and Moire' photo- . 
graphs.  More ex tens ive  amounts of test d a t a  were generated from the panel  
tests than  from t h e  l o c a l  buckl ing  and end c l o s u r e  tests. The s i g n i f i c a n t  
po r t ions  of t h e  l o c a l  buckl ing and panel  test d a t a  have been compiled and 
are a v a i l a b l e  i n  References 9 and 11. 

A summary of t he  tes t  d a t a  is presented  below, and the  test d a t a  are compared 
with theory.  
The f i r s t  s t e p  w a s  a pre l iminary  one i n  which a n a l y t i c a l  l o c a l  buckl ing  
s t r e n g t h s  were compared wi th  l o c a l  buckl ing test r e s u l t s ,  and t h e  s t a t i c  
s t r e n g t h  equat ions  were modified as necessary  t o  achieve  the  d e s i r e d  c o r r e l a -  
t i on .  Except i n  cases of pure shear  loading ,  c r i t i c a l  stresses from l o c a l  
buckl ing  tests w e r e  determined from s t r a in  gage readings i n  c r i t i ca l  l o c a t i o n s  
and from average material coupon p r o p e r t i e s .  
app l i ed  t o  t h e  l o c a l  buckl ing  specimens, c r i t i c a l  stresses were c a l c u l a t e d  
from t h e  app l i ed  load  and net s e c t i o n  p r o p e r t i e s .  
d a t a  c o r r e l a t i o n  i n  which a n a l y t i c a l l y  p red ic t ed  f a i l u r e  loads  were compared 
with test d a t a  from t h e  f u l l  s i z e ,  40-in. X 40-in. ( l m  x lm) panel  specimens. 
The purpose of t h e  f i n a l  d a t a  c o r r e l a t i o n  was  t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e  
a n a l y s i s  method f o r  use i n  des igning  minimum mass s t r u c t u r a l  pane ls  t o  with- 
s t and  s p e c i f i e d  des ign  loads  of compression, shea r ,  and la teral  pressure .  

Cor re l a t ion  of t he  theory wi th  test  d a t a  c o n s i s t e d  of two s t e p s .  

I n  t h e  case of pure shear  loads  

The second s t e p  w a s  a f i n a l  

End c l o s u r e  test r e s u l t s  are n o t  presented since a d e t a i l e d  a n a l y s i s  and 
design op t imiza t ion  of  t h e  end c losu res  was beyond t h e  scope of t h i s  program. 
In  gene ra l  the  end c l o s u r e  test r e s u l t s  i nd ica t ed  t h a t  t h e  s t r e n g t h s  of those 
specimens were l i m i t e d  by t h e  s t r e n g t h  of t h e  uniform s e c t i o n s  r a t h e r  than 
the  end c losu res  themselves.  Thus, t h e  end c l o s u r e  des igns  were considered 
adequate s i n c e  t h e  l o c a l  buckl ing s t r e n g t h s  of each of t he  four  conf igu ra t ions  
were w e l l  above t h e  f u l l  s i z e  pane l  s t r e n g t h s  which form upper l i m i t s  t o  t he  
loads  t h a t  can be app l i ed  t o  the panel  end c losu res .  The end c l o s u r e  des ign  
d e t a i l s  and test r e s u l t s  were d iscussed  previous ly  under "DESIGN EVOLUTION - 
End Closure Evolut ion."  

C i r c u l a r  Tube Specimen Resul t s  

Local buckl ing specimen test d a t a .  - The l o c a l  buckl ing  tests were conducted 
with specimens of  t h e  i n i t i a l  sc reening  conf igu ra t ion  (see Figure 14) whereas 4 

t he  f u l l  s i z e  pane ls  were of t h e  optimized des ign  conf igu ra t ion ,  
c i r c u l a r  tube specimens were w e l l  behaved and t h e r e  were no abnormal occur- 
rences  o r  unexplained f a i l u r e s .  F a i l u r e  stresses from l o c a l  buckl ing  tests 
(specimens des igna ted  2-2-U-x) and two l a r g e  panel  tests (specimens des igna ted  
2-2-P-x) are compared wi th  a n a l y t i c a l  f a i l u r e .  stresses i n  Table  3 .  

A l l  of t h e  
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The c o r r e l a t i o n  f a c t o r s  shown i n  the t a b l e  are c a l c u l a t e d  from t h e  equat ion,  

which is de r ived  from t h e  i n t e r a c t i o n  equat ion,  

2 R c + % + R s  - 1  

where R c ,  %, and R are stress r q t i o s  of a c t u a l  stresses a t  f a i l u r e  t o  c r i t i -  
S i ca l  stresses i n  pure bending, and shea r  r e s p e c t i v e l y .  The 

c o r r e l a t i o n  f a c t o r  is test f a i l u r e  stress t o  a n a l y t i c a l  f a i l u r e  
stress. Thus, a c o r r e l a t i o n  f a c t o r  g r e a t e r  than u n i t y  i n d i c a t e s  t h a t  t h e  . 

a n a l y s i s  is conse rva t ive .  

Note t h a t  t he  l o c a l  buckl ing d a t a  c o r r e l a t e d  r e l a t i v e l y  w e l l  wi th  t h e  o r i g i n a l  
a n a l y s i s ,  however, l a r g e  panel  f a 4 l u r e  d a t a  i n d i c a t e d  t h e  a n a l y s i s  is too 
conse rva t ive .  Therefore ,  t h e  t h e a r y  w a s  modified t o  give t h e  improved 
c o r r e l a t i o n  f a c t o r  shown i n  t h e  last column of Table 3 .  Load i n t e r a c t i o n  
curves are shown i n  Figure 53 with these  d a t a  p l o t t e d  b e f o r e  and a f t e r  modifi- 
c a t i o n  t o  t h e  theory.  

On t h e  b a s i s  of t h e  c o r r e l a t i o n  with t h e  o r i g i n a l  a n a l y s i s  (see r e f e r e n c e  9 ) ,  
t he  fol lowing mod i f i ca t ions  t o  t h e  analyses  were made: 

The c o r r e l a t i o n s  with t e s t  of specimens 2-2-U-3 and 2-2-U-4 are 
brought w i t h i n  d e s i r e d  limits by applying a knockdown f a c t o r  of .9 
t o  the expression f o r  F (see Appendix). Thus, 

QC 

. (1) 
1.19 F 2 0.738 q 3  E ( t /R)  cc 

The c o r r e l a t i o n s  w i t h  tests of t h e  panel  specimens, 2-2-P-1 and 
2-2-P-3, are brought .within d e s i r e d  l i m i t s  by changing bo th  the  
c o e f f i c i e n t  and exponent of t h e  expression f o r  t h e  shea r  buckl ing 
c o e f f i c i e n t  (see Appendix) as fol lows : 

585 k = 3 . 3  Z '  
S 

This  change is p r i m a r i l y  a l eng th  e f f e c t  which is i d e n t i f i e d  i n  t h e  
a n a l y s i s  of Reference 15 by a series of curves which g ive  ks as a 
f u n c t i o n  of Z f o r  v a r i o u s  l e n g t h  r a t i o s  ( a / b ) .  The o r i g i n a l  expres- 
s i o n  f o r  k, shown i n  the Appendix was  taken from a curve f o r  
a /b  = 0 0 .  

a curve c l o s e r  t o  an a / b  equa l  t o  3 ,  thus reducing, the l eng th  e f fec t -  
f o r  long panels  i n  t h i s  a p p l i c a t i o n .  

The change r ep resen ted  by the  above equa t ion  approximakes 
8 
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Panel  tes t  da t a .  - Three 40 i n .  X 40 i n .  (lm X lm) pane l  specimens of t h e  
type 2 conf igu ra t ion  (2-2-P-1, 2-2-P-2, 2-2-P-3) were each t e s t e d  i n  the  tes t  
load condi t ions  shown i n  Table 2(b) .  F a i l u r e  loads  were p red ic t ed  f o r  each 
of t he  10 load cond i t ions  us ing  the  f o r c e - s t i f f n e s s  technique ( r e fe rence  8) 
and are compared wi th  the  modified theory i n  Table 4. Actual  panel f a i l u r e  
loads are ind ica t ed  by t h e  a s t e r i s k  f o r  t h e  -1 and t h e  -3 pane ls .  Only t h e  
major load component, Nx o r  N 

T e s t  loads  t abu la t ed  are nominal va lues  determined from t h e  app l i ed  loads  
assuming uniform stress d i s t r i b u t i o n  with a ca l cu la t ed  panel net-to-gross 
a r e a  r a t i o  of 0.396 (60 .4  percent  of gross  area is edge chord a rea )  and a ne t  
panel  width of 40 inches  (lm). Shear load i s  assumed t o  be c a r r i e d  e n t i r e l y  
i n  the ne t  panel.  N e t  panel  tes t  loads were a l s o  determined us ing  s t r a i n  gage 
da ta  from the  panel  cen te r  reg ion  t o  ensure a g a i n s t  p o s s i b l e  unconserva t ive  
c o r r e l a t i o n s  which would r e s u l t  i f  a c t u a l  pane l  cen te r  loads  were s i g n i f i c a n t l y  
less than t h e  nominal va lues .  However, pane l  c e n t e r  loads  were found t o  be 
s l i g h t l y  h i g h e r . t h a n  the  nominal va lues .  Consequently,  t he  c o r r e l a t i o n  f a c t o r s  
shown are based #on nominal loads.  

is given f o r  each load condi t ion .  
XY ' 

A g raph ica l  r e p r e s e n t a t i o n  of t h e  t h e o r e t i c a l  pane l  f a i l u r e  load i n t e r a c t i o n  
s u r f a c e  wi th  f o r c e - s t i f f n e s s  test d a t a  is  seen i n  Figure 5 4 .  Curves are shown 
f o r  t h r e e  d i f f e r e n t  va lues  of pressure .  The numbers bes ide  d a t a  p o i n t s  ind i -  
cate test load condi t ions .  The a c t u a l  panel  f a i l u r e s  of t h e  -1 and -3 panels  
are shown by the  c ros s  symbol. T e s t  f a i l u r e  of t he  -2 pane l  occurred pre- 
maturely a t  the  edges dur ing  an a p p l i c a t i o n  of load cond i t ion  1. Therefore ,  
t he  a c t u a l  f a i l u r e  load f o r  t h i s  specimen is  no t  v a l i d  f o r  use i n  c o r r e l a t i o n .  
The predominant f a i l u r e  mode f o r  a l l  pane ls  and test cond i t ions  is  bead 
c r i p p l i n g  as can be  seen from Figure 54.  P a n e l ' i n s t a b i l i t y  becomes a f a c t o r  
only under t h e  cond i t ions  Rb = Rs = 0; even then ,  some tes t  r e s u l t s  i n d i c a t e  
bead c r i p p l i n g .  

. Panel f a i l u r e  modes. - The panel  2-2-P-1 f a i l u r e  occurred without  s i g n i f i c a n t  
prior distort ion.  The back side of the failed panel is  shown in  Figure 55. 
The appearance of t he  f a i l e d  pane l  sugges ts  t h a t  t h e  f a i l u r e  i n i t i a t e d  near  
the panel  c e n t e r  and propagated toward, but  no t  through t h e  end c losu res .  
This behavior  i n d i c a t e d  t h a t  t he  design of t he  test beam had r e s u l t e d  i n  the  
d e s i r e d  stress d i s t r i b u t i o n  wi th in  t h e  tes t  panel .  

Pane l  2-2-P-2 w a s  t e s t e d  under the  va r ious  load  cond i t ions  given i n  Table 4 
befo re  being t e s t e d  t o  f a i l u r e  under a x i a l  compression. Figure 56 shows t h e  
f r o n t  s u r f a c e  of t h e  f a i l e d  panel  which i n d i c a t e s  t h a t  f a i l u r e  w a s  due t o  
l o c a l  buckl ing  i n  t h e  f l a t  area ad jacen t  t o  t h e  loaded edge. 

Panel  2-2-P-3 a l s o  f a i l e d  a t  t h e  edge of t h e  pane l  under combined a x i a l  load 
and l a t e ra l  p re s su re  as shown i n  Figure 57. Af t e r  t h i s  f a i l u r e ,  t he  pane l  
appeared t o  be o therwise  undamaged; consequent ly ,  i t  was loaded t o  f a i l u r e  
i n  pure shear .  The corresponding F/S d a t a  w a s  v i r t u a l l y  i d e n t i c a l  t o  t h e  F/S 
d a t a  obta ined  p r i o r  t o  t h e  edge f a i l u r e  i n d i c a t i n g  t h e  c a p a b i l i t y  of  t he  pane l  
t o  c a r r y  shea r  w a s  no t  reduced; t he  f a i l u r e  occurred a t  100% of t h e  p red ic t ed  
shear  f a i l u r e  load.  The photograph of t he  f a i l e d  p a n e l ,  F igure  58 shows t h a t  
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Figure 55: FAIL ED PANEL 2-2-P- 1 

Figure 57: FAILED EDGE OF PANEL 2-2-P-3 

< 

Figure 56: FAILED PANEL 2-2-P-2 

Figure 58: FAILED PANEL 2-2-P-3 
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t h e  two f a i l u r e s  occurred i n  d i f f e r e n t  p a r t s  of t h e  panel ,  f u r t h e r  sugges t ing  
t h a t  t h e  pane l  edge f a i l u r e  d i d  no t  c o n t r i b u t e  t o  t h e  f i n a l  s h e a r  f a i l u r e . .  

The panel  edge f a i l u r e s  t h a t  occurred i n  panels  2-2-P-2 and 2-2-P-3 could b e  
i n t e r p r e t e d  as i n d i c a t i n g  an inadequate end c l o s u r e  design.  However, both of 
these f a i l u r e s  occurred a t  axial compression load values  i n  excess of t h e  
ax ia l  load  f o r  which the  panel  was designed, and they occurred a f t e r  t h e  panel  
design s t r e n g t h  had been demonstrated by the  F/S technique.  

Summary of r e s u l t s  f o r  c i r c u l a r  tube specimens. - The c i r c u l a r  tube test ’ 
r e s u l t s  i n  most cases e i t h e r  m e t  o r  exceeded s t r e n g t h  p r e d i c t i o n s  based on the  
modified theory.  The modi f i ca t ions  have r e s u l t e d  i n  l i g h t e r  weight panel  
des igns  than had been p r e d i c t e d  i n i t i a l l y .  This is i l l u s t r a t e d  i n  Figure 59 
which shows pane l  mass p l o t t e d  ve r sus  panel  end load.  
taken from Figure 2 which r e f l e c t s  t h e  o r i g i n a l  s t r e n g t h  a n a l y s i s .  The lower 
curve was generated us ing  test r e s u l t s  t o  modify t h e  a n a l y s i s  and shows t h e  
improved panel  e f f i c i e n c y .  

The upper curve w a s  

The c o n s i s t e n t  s t r u c t u r a l  performance of t h e  c i r c u l a r  tube panel  i n d i c a t e s  a 
l e v e l  of confidence which war ran t s  t h e  use of t h i s  concept i n  t h e  des ign  load 
range i n v e s t i g a t e d .  Applicat ion of t h i s  panel concept should r e s u l t  i n  
i nc reased  s t r u c t u r a l  e f f i c i e n c y  i n  many types of f u t u r e  aerospace s t r u c t u r e s  
such as advanced space  v e h i c l e s ,  missiles, i n t e r s t a g e s ,  and h igh  speed c r u i s e  
v e h i c l e s .  

F lu t ed  S i n g l e  Sheet Specimen Resu l t s  

Local buckl ing specimen test  d a t a .  - F a i l u r e  stresses from l o c a l  buckl ing test 
d a t a  are compared with a n a l y t i c a l  f a i l u r e  stresses i n  Table 5 and Figure 60. 
The c o r r e l a t i o n  f a c t o r s  are c a l c u l a t e d  i n  t h e  s a m e  way desc r ibed  f o r - p a n e l  
t y p e ’ 2 .  Five test d a t a  p o i n t s  were obtained from specimen lA-2-U-5, fou r  of 
which were obtained by us ing  t h e  F/S nondes t ruc t ive  test technique which 
worked q u i t e  w e l l  i n  p r e d i c t i n g  d i agona l  buckl ing f a i l u r e s .  Fo rce - s t i f fnes s  
p r e d i c t i o n s  from t h e s e  tests are shown in Figure 61. The c o r r e l a t i o n s  shown 
i n  Table 5 and Figure 60 are q u i t e  good and would b e  considered acceptable 
without  a n a l y s i s  mod i f i ca t ion  except  f o r  t h e  one d a t a  p o i n t  r e p r e s e n t i n g  
combined load ing  of compression, bending, and shea r  on specimen 1A-2-U-5. 
This  d a t a  p o i n t  sugges t s  t h e  p o s s i b i l i t y  t h a t  bending i n t e r a c t s  with compres- 
s i o n  and shea r  i n  t h e  d i agona l  buckl ing mode. Such i n t e r a c t i o n  is no t  
recognized i n  t h e  p r e s e n t  a n a l y s i s  of t h i s  f a i l u r e  mode, and no mod i f i ca t ion  
t o  a n a l y s i s  was made. 

Panel  test d a t a .  - Two 40 i n .  x 40 i n .  (Im x lm) pane l  specimens of t he  type 
1 A  c o n f i g u r a t i o n  (1A-1-P-1, 1A-1-P-2) were each t e s t e d  i n  t h e  t e n  d i f f e r e n t  
l oad  c o n d i t i o n s  shown i n  Table 2 (a ) .  

I n  t e s t i n g  t h e  -1 panel  i n ’ a x i a l  compression, a pronounced nonuniform load a t  
t h e  pane l  c e n t e r  w a s  observed which caused t h e  n e t  compression t o  be approxi- 
mately 40 percen t  h ighe r  than t h e  nominal app l i ed  value.  This peaking of t h e  
compression load is caused by a mismatch between t h e  panel  specimen and 
a t t ached  edge chords.  These edge chords,  which were used f o r  a l l  p a n e l s ,  
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were b e t t e r  s u i t e d  t o  t h e  t u b u l a r  pane l s  than t o  t h e  s i n g l e  shee t  panels  
which have a much; smaller net-to-gross area r a t i o .  
b u t i o n  i n  t h e  panel was found t o  be e s s e n t i a l l y  uniform. 

The compression load peaking caused t h e  load r a t i o s  of Nx t o  NW at  t h e  
panel c e n t e r  t o  be considerably d i f f e r e n t  from the  nominal values  given i n  
Table 2 ( a ) .  On t h e  b a s i s  of t h e  -1 panel  test r e s u l t s ,  t h e  app l i ed  loads were 
a d j u s t e d  to  g i v e  $anel c e n t e r  l o a d  r a t i o s  equa l  t o  those  given i n  t h e  t a b l e .  
These ad jus t ed  loads  w e r e  app l i ed  i n  t e s t i n g  t h e  -2 pane l .  

The s h e a r  load d i s t r i -  

~ 

. 

Analy t i ca l  f a i l u r e  loads f o r  t h e s e  panels  w e r e  computed from average material 
coupon test p roped t i e s  and average measured dimensions of t he  c r o s s  s e c t i o n  
( s e e  r e f e r e n c e  9 ) i  
f o r  each panel  because of t h e  d i f f e r e n t  tes t  load r a t i o s  of Nx t o  Nxy. The 
a n a l y t i c a l  f a i l u r e  loads  are compared wi th  t h e  test r e s u l t s  i n  Table 6 .  
t he  major component, N, o r  Nw, is given f o r  each l o a d  cond i t ion .  
are n e t  panel  l o a d s  determined u s i n g  s t r a i n  gage d a t a  from t h e  panel  c e n t e r  
region.  

A l l  test results are F/S f a i l u r e  p r e d i c t i o n s  except  for t h e  a c t u a l  f a i l u r e  
l o a d s  i n d i c a t e d  f o r  load c o n d i t i o n  10. The d i agona l  buckl ing mode w a s  
appa ren t ly  c r i t i ca l  i n  a l l  t h e  test load cond i t ions .  This mode of f a i l u r e  
ag rees  with t h a t  p r e d i c t e d  by a n a l y s i s  except  f o r  load cond i t ions  5 and 6 
where bead web c r i p p l i n g  was p r e d i c t e d  t o  be c r i t i ca l .  The f a i l u r e  modes are 
i n d i c a t e d  i n  Figure 62 which shows a g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  theo re t -  
i c a l  f a i l u r e  l o a d  i n t e r a c t i o n  s u r f a c e  test  d a t a .  

A d i f f e r e n t  set of a n a l y t i c a l  f a i l u r e  loads  w a s  c a l c u l a t e d  

Only 
T e s t  loads I 

* 

The average t e s t / a n a l y s i s  c o r r e l a t i o n  of 0 . 8 5  achieved f o r  t h e  type 1 A  panel  
i n d i c a t e s  t he  a n a l y s i s  t o  b e  unconservat ive.  This appears  t o  b e  due t o  a 
l eng th  e f f e c t  which is not  included i n  t h e  p re sen t  d i agona l  mode buckl ing 
a n a l y s i s .  Add i t iona l ly ,  some i n t e r a c t i o n  between bending and compression i n  
the  d i agona l  mode, which is no t  recognized i n  t h e  p r e s e n t  a n a l y s i s ,  may a l s o  
e x i s t .  These e f f e c t s  could no t  be accounted f o r  i n  the  theory w i t h i n  an  
accep tab le  l e v e l  of e f f o r t  f o r  t h i s  program. Consequently, no modi f i ca t ions  
t o  t h e  theory €or  t h e  s i n g l e  shee t  f l u t e d  pane l  w e r e  made. 

1 

The d iagona l  mode buckles  observed i n  t h e  f l u t e d  s i n g l e  s h e e t  panels  are 
i l l u s t r a t e d  i n  t h e  Moire' photographs of pane l  1A-1-P-2. 
panel  loaded t o  90 percent  of t h e  p r e d i c t e d  shea r  s t r e n g t h  and Figure 64 shows 
t h e  pane l  at 80 percent  of t h e  design load cond i t ion  which inc ludes  compres- 
s i o n ,  shea r  and 1 p s i  ( 6 . 9  kN/m2)  la teral  p r e s s u r e .  Figure 65 shows t h e  panel  
a f t e r  t h e  f a i l u r e  which occurred when a t t empt ing  t o  load i t  beyond 89 percen t  
of t h e  design load. 
buckles ,  are b e s t  observed by viewing t h e  shape of t h e  shqdows from t h e  heavy 

Figure 63 shows t h e  

The shapes of t h e  beads,  d i s t o r t e d  by the  d i agona l  mode 

. g r i d  l i n e s .  c 

Sumary  of r e s u l t s  f o r  f l u t e d  s i n g l e  shee t  specimen. - Further  a n a l y t i c a l  
e f f o r t  is required t o  d e r i v e  an improved a n a l y s i s  s u i t a b l e  f o r  des ign  use.  

I 
I e f f i c i e n c y .  Improved e f f i c i e n c y ,  however, may be l i m i t e d  t o  low-load 

The c o n s i s t e n t  test r e s u l t s  shown i n  Figure 62 sugges t  t h a t  an improved theory 
could l ead  to  design mod i f i ca t ions  and thereby ach ieve  a high s t r u c t u r a l  
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Figure 63: PANEL IA- I-P-2 LOADED TO 90% N x  y 

Figure 64: PANEL IA-1-P-2 LOADED TO 89% OF DESIGN LOAD 

. 
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Figure65: PANEL 1A-1-P-2 FAILED AP89X OF DESIGN LOAD 
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cond i t ions  because out-of-plane d e f l e c t i o n s  occur i n  t h e  end c l o s u r e s  when t h e  
panel  is loaded i n  s h e a r  (see s e c t i o n  on S i n g l e  Sheet End C losu res ) .  
appears  t h a t  t h e s e  d e f l e c t i o n s ,  which become i n c r e a s i n g l y  more s i g n i f i c a n t  as 
t h e  design s h e a r  l oad  i n c r e a s e s ,  can be avoided by an attachment method which 
does no t  reduce t h e  panel  cross-sect ion shape t o  a f l a t  s h e e t  a t  t h e  pane l  
ends.  

It 

Low Load F lu ted  Tube Specimen Resu l t s  

Local buckl ing specimen test d a t a .  - F a i l u r e  stresses from l o c a l  buckl ing test 
d a t a  are compared wi th  a n a l y t i c a l  f a i l u r e  stresses i n  Table 7 and Figure 66. 
The c o r r e l a t i o n  r e v e a l s  apparent conservatism i n  most of t h e  r e s u l t s .  I n  the 
case of f l a t  buckl ing t h i s  is due p a r t l y  t o  t h e  s e p a r a t i o n  of t h e  two s h e e t s  
by t h e  bond l a y e r  r e s u l t i n g  i n  increased bending s t i f f n e s s ,  and p a r t l y  t o  t h e  
assumption of s imple support  a t  t h e  edges of t h e  f l a t  i n  t he  buckl ing a n a l y s i s .  
I n  s p i t e  of t h e  apparent  conservatism shown by t h e  test d a t a  i n  bead web 
c r i p p l i n g  under combined load t h e r e  was i n d i c a t i o n  i n  t e s t i n g  the  30-in. 
(76-cm) long specimen, 2A-l-U-lC, t h a t  complex modes invo lv ing  d i s t o r t i o n  of 
t he  c r o s s  s e c t i o n  and having f a i r l y  long wave l eng ths  were occur r ing .  These 
modes probably could not  develop i n  the  s h o r t e r  specimens, bu t  it w a s  expected 
t h a t  they could occur i n  the  f u l l  s i z e  panels  and cons ide rab ly  reduce t h e  
a c t u a l  buckl ing stresses. For t h i s  reason no a n a l y s i s  mod i f i ca t ion  w a s  
attempted on t h e  b a s i s  of t h e  l o c a l  buckl ing c o r r e l a t i o n s .  

Panel test d a t a .  - Only one 40 i n .  X 40 i n .  (1 X l m )  panel  of t h e  type 2A-1 
c o n f i g u r a t i o n  w a s  t e s t e d .  Ten test load  cond i t ions  were def ined s l i g h t l y  
d i f f e r e n t  from those given i n  Table 2(a) t o  i n c r e a s e  t h e  amount of shea r  da t a .  
The cond i t ions  are as fol lows:  

TEST LOAD C W .  VS. SHEAR LATERAL PRESSURE 

CONDITION LOAD RATIO 

N 
Nx *Y 

1 1 0 

2 0 1 

3 1 1 / 5  

4 1 1/ 3 

5 1 1 / 2  

6 1 0 

7 0 1 
A 

8 0 1 .  
9 1 1/ 3 

10 1 1/ 3 

-. 
p = CONSTANT 

p s i  ( u / m L )  

0 

0 

0 

0 

0 

1.0(6.9) 

1 .O (6.9) 

2 .O (13.8) 

.5(3.45) 

1 .O (6.9 

r 
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F o r c e / s t i f f n e s s  d a t a  i n d i c a t e d  premature pane l  i n s t a b i l i t y  f a i l u r e  i n  
n e a r l y  a l l  load cond i t ions  due t o  pronounced e f f e c t s  of t ube  d i s t o r t i o n a l  
modes. 
w a s  f l a t t e n i n g  of t h e  tubes,  while more complex d i s t o r t i o n s  appeared t o  occur  
i n  the  presence of shea r  l oads .  F igu re  67 i l l u s t r a t e s  t h e s e  d i s t o r t i o n s  of 

* the  panel when loaded i n  shea r .  Shadows cast from heavy g r i d  l i n e s  placed on 
t h e  Moire' g l a s s  a t  5 inch  (127 m) i n t e r v a l s  g ive  a very clear, a l though 
s l i g h t l y  exaggerated,  p r o f i l e  of t h e  panel  s u r f a c e .  I n  p r e s s u r i z i n g  t h e  pane l  
i t  appeared t h a t  t h e  tubes might c o l l a p s e  be fo re  reaching 2 p s i ;  t h e r e f o r e  the  
panel  was  no t  t e s t e d  i n  l o a d  cond i t ion  8. The pane l  was t e s t e d  t o  f a i l u r e  
load  i n  load cond i t ion  1, however e las t ic  pane l  i n s t a b i l i t y  occurred causing 
no permanent damage. 

e I n  t h e  case of compression and bending loads  t h e  d i s t o r t i o n  observed 

A f t e r  completing the f i r s t  series of tests t h e  panel  w a s  modified by i n s e r t i n g  
s t i f f e n i n g  p o s t s  t o  prevent  bead f l a t t e n i n g  (see r e f e r e n c e  1 0 ) .  Six p a i r s  of 
h o l e s  were d r i l l e d  on t h e  unpressurized s i d e  of t h e  pane l  a t  the  i n t e r s e c t i o n s  
of t he  bead web and f l u t e .  A 0.10 inch (0.25 cm) d iameter  p i n ,  notched a t  
t h e  proper l e n g t h  t o  ma in ta in  t h e  c o r r e c t  i n t e r n a l  depth of t h e  tube,  w a s  
i n s e r t e d  i n  each hole .  The edge of the h o l e  was engaged i n  t h e  notch and the  
p i n  w a s  wedged i n  place i n  the ho le .  The modif ied panel  w a s  designated 
2A-1-P1M and was r e t e s t e d .  

The tes t  r e s u l t s  are compared wi th  t h e  a n a l y s i s  i n  Table 8 and Figure 68. 
Average material coupon p r o p e r t i e s  and average measures pane l  c r o s s  s e c t i o n  
dimensions were used i n  t h e  a n a l y s i s .  T e s t  l oads  are nominal va lues  de t e r -  
mined from t h e  app l i ed  loads  assuming uniform stress d i s t r i b u t i o n  with a 
c a l c u l a t e d  panel  net-to-gross r a t i o  of .303 (69.7 percent  of g ross  area is 
edge chord a r e a )  and a n e t  panel  width of 4 3 . 3  inches (1.1 m) . The t r e n d s  
shown i n  F igu re  68 f o r  both test d a t a  and theory i n d i c a t e  a s h i f t  i n  f a i l u r e  
mode from panel  i n s t a b i l i t y  t o  bead web c r i p p l i n g  as la te ra l  p r e s s u r e  i s  
increased.  However, t h e  test d a t a  are i n  poor agreement with theory.  

NeverthelesS, s i g n i f i c a n t  improvement i n  the  test r e s u l t s  w a s  observed with 
t h i s  t ype  of pos t  s t i f f e n i n g .  Figure 67 shows the  o r i g i n a l  panel  loaded t o  
60 pe rcen t  of t h e  p r e d i c t e d  s h e a r  l o a d  and Figure 69 shows t h e  modified pane l  
a t  t he  same load. Correspondingly,  Figures  70 and 7 1  show t h e  o r i g i n a l  and 
t h e  modified panel  loaded t o  1 p s i  (6.9 kN/m2) and 50 percen t  of t h e  axial  
and s h e a r  load corresponding t o  t h e  pane l  des ign  cond i t ion .  Both sets of 
Moire' photographs i n d i c a t e  t h a t  t h e  a d d i t i o n  of t h e  space r s  s i g n i f i c a n t l y  
reduced t h e  pane l  d e f l e c t i o n s .  The panel  w a s  e v e n t u a l l y  t e s t e d  t o  f a i l u r e  i n  
t h e  design load c o n d i t i o n  at 99 pe rcen t  of t he  a n a l y t i c a l  f a i l u r e , l o a d .  How- 

* e v e r ,  the panel  w a s  s t i l l  d e f i c i e n t  i n  t h e  presence of l a r g e  shea r  components 
a s  can be seen  i n  Figure 68. This is appa ren t ly  due t o  t h e  i n a b i l i t y  of 
simple p o s t  s t i f f e n i n g  t o  provide adequate  support  a g a i n s t  tube d i s t o r t i o n  - o t h e r  than f l a t t e n i n g .  

Summary of r e s u l t s ' f o r  low load f l u t e d  t u b u l a r  specimens. - Tests of t h e  f i r s t  
low load f l u t e d  t u b u l a r  pane l  r evea led  unan t i c ipa t ed  tube f l a t t e n i n g  under 
bending load and tube t w i s t i n g  under s h e a r  l oad .  I t  w a s  determined t h a t  fu r -  
t h e r  t e s t i n g  of t h e  Type 2A-1 p a n e l s ,  even with post  type i n s e r t s  w a s  no t  

68 
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JLTIMATE LOAD N, OR NGLB/IN(kN/m) 

TEST 

Table8: LOW LOA0 FLUTE0 TUBE PANEL TEST RESULTSSUMMARY (FB DATA) 

COR R E LATl ON 
FACTOR 

- 
LOAD 
JCOND. 
I c---.-- 

1 

2 

1 3  
, 

4 

5 

6 

7 

8 

9 

"10 

- 

M o t 1  16  

338 (59) 

PI 

PI 

630(110' 
PI 

LOAD. 
TYPE 

366 (64) 

458 (80) 
BWC 

PI 

C 

S 

c+s 

c+s 

c+s 

C+B 

S+B 

S+B 

C+S+B 

C+S+B 

420 (74) 

485 (85 
BWC' 

PI 

ORIGINAL 
ANALYSIS 
~ 

700 (122) 

440 (77) 

682 (1191 

652 (1141 

545 (95) 

483 (84) 
BWC 

440 (77) 

440 (77) 

605 (106) 
BWC 

467 (82) 
BWC 

FB 

PI 

FB 

. FB-PI 

PI 

PI 

PI 

'ACTUAL FAILURE LOADS 
"DESIGN LOAD CONDITIONS 

2A-1-P-1 I PA-1-P-1M I 2A-1-P-1 

'530 (93) 

270 (47) 

535 (94) 

PI 

PI 

PI 

470 18211 

I 

0.76 

0.6 1 

0.78 

0.72 

0.67 

0.95 

0.74 

- 

0.87 

0.81 

0.768 

2A-14-1 M 

0.M 

0.78 

0.92 

0.90 

0.77 

1 .oo 

0.80 

- 

- 

O.s(i 

0.888 
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Figure 69: PANEL 2A-14'-1MAT 60% OF Nxv 
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Figure 70: PANEL 2A-1-P-1 AT  1 PSI AND 50% OF N x A N D  N x y  

. 

Figure 71: PANEL 2A-1-P-1MAT 1 PSI AND 50% OF N x A N D  Nxy 

7 3  



warranted and t h a t  f u r t h e r  s tudy  of t h e  tube d i s t o r t i o n s  could b e s t  be 
accomplished us ing  the  Type 2A-2 panels .  

I 

High Load Flu ted  Tube P a n e l s  

Local buckl ing specimen test da ta .  - F a i l u r e  stresses from l o c a l  buckl ing  tes t  
d a t a  are compared wi th  a n a l y t i c a l  f a i l u r e  stresses i n  Table  9 and Figure 72. 
The c o r r e l a t i o n  p a t t e r n  wi th  t h e  o r i g i n a l  a n a l y s i s  is s i m i l a r  t o  t h a t  seen  i n  
the  type  2A-1 specimen tests. The poorer c o r r e l a t i o n  i n  the  case  of t h e  two 
compression specimens is evidence of greater s u s c e p t i b i l i t y  of this panel  
conf igu ra t ion  t o  the  c ros s  s e c t i o n  d i s t o r t i o n a l  mode. 

On the  b a s i s  of t h e  c o r r e l a t i o n  of test d a t a  wi th  the o r i g i n a l  a n a l y s i s ,  t h e  
fol lowing modi f ica t ions  t o  t h e  bead c r i p p l i n g  a n a l y s i s  were made: 

(1) The c o r r e l a t i o n s  wi th  test specimens 2A-24-1 and 2A-2-U-2 are 
brought w i t h i n  the d e s i r e d  l i m i t s  by. apply ing  a knockdown f a c t o r  of 
.8 t o  t h e  express ion  f o r  -Fee i n  the Appendix. 

Thus, 

1.19 
= .656 n3 E ( t /R)  

(2) The c o r r e l a t i o n  wi th  test of specimen 2A-2-U-3, i n  shear on ly  i s  
brought w i th in  d e s i r e d  limits by apply ing  a f a c t o r  of 1 . 4  t o  t h e  
express ion  f o r  Fcs i n  the Appendix. 

Thus, 

2 
Fcs = 1 . 4  q2 G ks ( t / s c )  ( 4 )  

The express ion  f o r  k, and f o r  Z i n  t h e  Appendix are unchanged. 

(3) To g ive  b e t t e r  c o r r e l a t i o n  w i t h  the remainder of t h e  Type 2A-2 l o c a l  
buckl ing  t e s t  d a t a  t h e  exponent of the shea r  t e r m  i n  the s tandard  
i n t e r a c t i o n  equat ion  f o r  bead c r i p p l i n g  is  changed from 2 t o  4.5 .  

Thus, f o r  bead c r i p p l i n g  only ,  

R + Rs 4.5 = 1 
C 

r 

The improved c o r r e l a t i o n  achieved wi th  t h e s e  modi f ica t ions  t o  t h e  bead 
c r i p p l i n g  a n a l y s i s  is apparent  i n  Table  9 and Figure 7 2 .  

No f l a t  buckl ing test d a t a  were obtained from tests of t h e  Type 2A-2 l o c a l  
buckl ing specimens because they f a i l e d  i n  bead web c r i p p l i n g  be fo re  s i g n i f i -  
can t  f l a t  buckl ing modal behavior  w a s  observed. However, t h e  f l a t  buckl ing 
a n a l y s i s  is known t o  be conserva t ive  (see re fe rence  9 ) .  
r e a l i s t i c  c o r r e l a t i o n  of a n a l y s i s  with pane l  test d a t a  i t  w a s  decided t o  
modify the  f l a t  buckl ing a n a l y s i s  using t h e  a v a i l a b l e  d a t a  from t h e  Type 2A-1 

+ 

To. o b t a i n  more 
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Figure 72: LOCAL BUCKLING TEST/ANA L YSlS CORRELATION- PANEL TYPE 2A-2 
(TEST TO FAILURE IN BEAD WEB CRIPPLING, NUMBERSBY DATA POINTS 
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l o c a l  buckl ing specimens. Therefore ,  on the b a s i s  of t h e  f l a t  buck l ing  tes t  
r e s u l t s  f o r  specimens 2A-1-U-1 and 2A-1-U-2 given i n  Table  7 and F igure  6 6 ,  a 
f a c t o r  of 1.5 is app l i ed  t o  the expres s ions  f o r  Ffc  and Ffs i n  the Appendix. % 

Thus, 

E t 2 / [ 3 f 2  (1-v2)1 
n4 = 1.5 n Ffc  

(7) 
2 2 2 2 

= 8.025 II n 4  E t  /I12f (1-v ) ]  F f s  

Panel test  d a t a .  - Three 40 i n .  X 40 i n .  ( l m  x lm) panel  specimens of t h e  
type 2A-2 c o n f i g u r a t i o n  were t e s t e d  under the  t e n  test load c o n d i t i o n s  des- 
c r ibed  i n  Table 2 ( b ) .  I n  t e s t i n g  t h e  f i r s t  specimen i t  w a s  immediately 
apparent  t h a t  t h e  e f f e c t  of t ube  d i s t o r t i o n a l  modes w a s  even g r e a t e r  than t h a t  
observed i n  t h e  type 2A-1 panel .  
by pos t  s t i f f e n i n g  similar t o  t h a t  desc r ibed  f o r  t h e  type  2A-1 panel .  
specimen w a s  t hen  r edes igna ted  2A-2-P-1M and t e s t e d .  The second and t h i r d  
specimens, designated 2A-2-P-2M and 2A-2-P-3M, r e s p e c t i v e l y ,  w e r e  modified 
by t h e  a d d i t i o n  of t ube  s t a b i l i z e r s  i n s e r t e d  during t h e  panel  assembly. 
Photographs of t h e s e  i n s e r t s  are shown i n  Figures  43  and 44. 

Therefore ,  t h e  f i r s t  specimen w a s  modified 
This 

Ana ly t i ca l  f a i l u r e  loads  are compared wi th  test  d a t a  f o r  t h e s e  t h r e e  panels  
i n  Table 10. Average material coupon p r o p e r t i e s  and average measured pane l  
c r o s s  s e c t i o n  dimensions w e r e  used i n  t h e  a n a l y s i s  as p rev ious ly  desc r ibed .  
Test loads  are nominal va lues  determined from the app l i ed  loads  assuming uni- 
form stress d i s t r i b u t i o n  wi th  a c a l c u l a t e d  panel  net-to-gross area r a t i o  of 
.350 (65 p e r c e n t  of g ross  area is edge chord area) and a n e t  pane l  width of 
42.8 inches (1.09 m) .  
t i o n s  of l o c a l  buckl ing except  where actual pane l  f a i l u r e s  are i n d i c a t e d .  
F/S l o c a l  buckl ing i n d i c a t i o n s  and t h e  t e s t / a n a l y s i s  c o r r e l a t i o n s  f o r  specimens 
2A-2-P-lM and 2A-2-P-2M are based on t h e  o r i g i n a l  s t a t i c  s t r e n g t h  equa t ions  
presented i n  t h e  Appendix. 
f o r  specimen 2A-2-P-3M are based on the  modified equa t ions  desc r ibed  i n  t h e  
s e c t i o n  "Local Buckling Specimen Test Data." 

A l l  test d a t a  shown i n  t h e  f i g u r e s  are from F/S ind ica -  
The 

The F/S i n d i c a t i o n s  and testlanalysis c o r r e l a t i o n s  

The f i r s t  specimen (2A-2-P-1M) w a s  found d e f i c i e n t  i n  a l l  load c o n d i t i o n s  wi th  
premature f a i l u r e  i n d i c a t e d  i n  pane l  i n s t a b i l i t y  o r  f l a t  buckl ing a t  loads  
averaging 71.5 pe rcen t  of t h e  a n a l y t i c a l  f a i l u r e  l o a d s .  The specimen f i n a l l y  
f a i l e d  due t o  bead web c r i p p l i n g  i n  t h e  des ign  load cond i t ion  a t  only 6 3  per- 
cen t  of t h e  a n a l y t i c a l  f a i l u r e  load.  The f a i l u r e  occurred a t  a l o c a t i o n  away 
from t h e  panel  center which w a s  no t  covered by F/S i n s t rumen ta t ion .  
appeared t o  b e  caused by a r e d u c t i o n  i n  c u r v a t u r e  of t h e  bead web. This d i s -  
t o r t i o n  was appa ren t ly  due t o  t h e  f l e x i b i l i t y  of t h e  tubes which r e s u l t s  i n  
inadequate  t r a n s f e r  of s h e a r  l oad  i n t o  the  f l u t e d  tubes.  

The second specimen (2A-2-P-2M) contained modified p o s t  type tube s t a b i l i z e r  
i n s e r t s  which were designed t o  prevent tube f l a t t e n i n g  and t o  provide s t i f f e n -  
i n g  a g a i n s t  o t h e r  d i s t o r t i o n a l  modes t h a t  could be i d e n t i f i e d .  Ea r ly  i n  t h e  
t e s t i n g  of t h i s  specimen an edge d e f e c t  was discovered which w a s  expected t o  
cause premature edge f a i l u r e ,  similar t o  t h a t  which occurred i n  t h e  case  of 

It 
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1: 

. 

panel  2-2-P-2, i f  loaded i n  a x i a l  compression. 
panel t o  f a i l u r e  i n  s h e a r  rather than r isk t h e  edge f a i l u r e  i n  ano the r  l oad  
c+nd i t ion .  Consequently, test d a t a  are only a v a i l a b l e  f o r  two load c o n d i t i o n s .  
These d a t a  show a marked improvement with t h i s  type of tube s t a b i l i z a t i o n .  
Figure 73 shows a Moire' photograph of t h e  panel  loaded t o  88 pe rcen t  of t he  
p r e d i c t e d  shea r  s t r e n g t h .  F igu re  74 shows t h e  n a t u r e  of t he  pane l  f a i l u r e  
which occurred when the shea r  l oad  was i nc reased  t o  92 p e r c e n t .  

It w a s  decided t o  test t h e  

The t h i r d  specimen (2A-2-P-3M) contained a modified a rch  type of tube s t a b i l i -  
zelr i n s e r t .  The i n s e r t  w a s  designed t o  maintain t h e  r a d i u s  o f  c u r v a t u r e  of 
t? tube s i d e  w a l l s  ( t h e  bead web) as w e l l  as provide s t i f f n e s s  a g a i n s t  t h e  
o t h e r  tube d i s t o r t i o n a l  modes. The test r e s u l t s  shown an improvement i n  
aderage load c a r r y i n g  c a p a b i l i t y  from 71.5 percent  of the a n a l y t i c a l  f a i l u r e  
load f o r  t h e  f i r s t  specimen t o  93.7 percent  f o r  t h e  t h i r d  specimen. 

The tes t  r e s u l t s  from specimen 2A-2-P-3M are compared g r a p h i c a l l y  with the  
modified theory i n  Figure 75. I n  some test load cond i t ions  shown i n  t h e  
fiigure, two d i f f e r e n t  modes of f a i l u r e  are i n d i c a t e d  by the  F/S test  d a t a .  
mere t h i s  occur s  both test d a t a  p o i n t s  are shown on the  f i g u r e .  F a i l u r e  modes 
are i d e n t i f i e d  f o r  a l l  t es t  d a t a  p o i n t s  so t h a t  they can be compared with t h e  
f a i l u r e  loads  p red ic t ed  by the modified theory.  

The F/S d a t a  f o r  bead web c r i p p l i n g  of panel  2A-2-P-3M agree  reasonably w e l l  
with the f a i l u r e  s u r f a c e  p red ic t ed  by modified theory f o r  most t es t  load con- 
d i t i o n s .  However, t h e  a c t u a l  f a i l u r e  of t h e  panel  by bead web c r i p p l i n g  i n  
pure axial compression ( load cond i t ion  1 )  occurred a t  only 69 pe rcen t  of t he  
load p r e d i c t e d  by the modified theory.  This  can be explained by t h e  f a c t  
t h a t  F/S p l o t s  f o r  l o c a l  buckl ing are e x t r a p o l a t e d  t o  a l i m i t i n g  s t r a i n  l i n e  
(see r e f e r e n c e  8) .  The l i m i t i n g  s t r a i n  l i n e  is determined from the l o c a l  
buckl ing a n a l y s i s  as s u b s t a n t i a t e d  by l o c a l  buckl ing test k s u l t s .  
F/S i n d i c a t i o n s  of p a n e l  l o c a l  buckl ing behavior are v a l i d  only if the l o c a l  
buckl ing specimen behavior  i s  i d e n t i c a l  t o  t h e  pane l  l o c a l  buckl ing behavior .  
This is appa ren t ly  not  t r u e  i n  the case of t h e  f l u t e d  t u b u l a r  c o n f i g u r a t i o n s .  

. Complex d i s t o r t i o n a l  modes, which are prevented from occur r ing  i n  t h e  l o c a l  
buckl ing specimens by t h e i r  s h o r t  l eng th  and by the  s t a b i l i z i n g  effect of the 
po t t ed  ends,  are only p a r t i a l l y  r e s t r a i n e d  by t h e  tube s t a b i l i z e r  i n s e r t s  i n  
t h e  f u l l  s i z e  panels .  Therefore ,  t h e  c o r r e l a t i o n s  i n d i c a t e d  i n  Figure 75 
between F/S test d a t a  and the modified bead web c r i p p l i n g  theory is probably 
no t  r e l i a b l e  and a c t u a l  panel  f a i l u r e s  a t  s u b s t a n t i a l l y  smaller load l e v e l s  
might be expected i n  some load cond i t ions  i f  panels  were t e s t e d  t o  d e s t r u c t i o n .  

The re fo re ,  

The F/S i n d i c a t i o n s  of f l a t  buckl ing i n  Figure 75 are premature compared t o  
the modified f l a t  buckl ing theory.  This f a c t  i n d i c a t e s  t h a t  stresses i n  t h e  
f l a t s  are h ighe r  t han  they should be accorbing t o  t h e  panel stress a n a l y s i s .  
T h i s  phenomenon is apparent ly ,  due t o  inadequate? load t r a n s f e r  from the  panel  
ends i n t o  t h e  tubes,  which i n  t u r n  can be a t t r i b u t e d  to:  
s e c t i o n s  a t  the  pane l  ends are t o o  s h o r t ,  and (2) t h e  d i s t o r t i o n a l  f l e x i b i l i t y  
of the f l u t e d  tube c r o s s  s e c t i o n  appa ren t ly  prevents t h e  tubes from c a r r y i n g  
t h e i r  a l l o t t e d  p o r t i o n  of t h e  panel  l oads .  Because of t h i s  d i s t o r t i o n a l  

(1) t r a n s i t i o n  

79 



j :  

Figure 73: PANEL 2A-Z-P-ZMAT 88% NXY 

Figure 74: PANEL 2A-2-P-2M FAILED AT92% N X y  
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f l e x i b i l i t y ,  adequate  c o r r e l a t i o n  cannot b e  obtained by simple modif icat ion 
of t h e  f l a t  buckl ing c o e f f i c i e n t .  

Summary of r e s u l t s  f o r  h igh  load f l u t e d  t u b u l a r  specimen. - The use  of 
i n t e r n a l  s t i f f e n i n g  t o  prevent  l a r g e  deformations appeared t o  c o n t r o l  tube 
f l a t t e n i n g  and r a i s e d  pane l  s t r e n g t h s  s i g n i f i c a n t l y ,  but  a t  a l o s s  i n  mass ' e f f i c i e n c y .  However, l a r g e  deformations which w e r e  not  completely suppressed 
by the i n t e r n a l  s t i f f e n i n g  prevented r e l i a b l e  c o r r e l a t i o n  of test d a t a  wi th  
theory and r e s u l t e d  i n  f a i l u r e  of t h e  f l u t e d  t u b u l a r  concept t o  ach ieve  t h e  
high e f f i c i e n c y  o r i g i n a l l y  p r e d i c t e d .  
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FAILURE CRITERIA AND DESIGN DATA 

The s t a t i c  s t r e n g t h  equat ions used i n  the i n i t i a l  s t r e n g t h  a n a l y s i s  of t he  
va r ious  beaded and tubu la r  panel  designs are b a s i c a l l y  those a v a i l a b l e  from 
t h e  l i t e r a t u r e .  They are expressed i n  gene ra l  form i n  t h e  Appendix, and the 
d e t a i l e d  equa t ions  are presented i n  Reference 9. 
t o  provide t h e  f i n a l  a n a l y s i s  and c o r r e l a t i o n s  shown i n  t h e  previous s e c t i o n  
are given h e r e i n  and i n  Reference 9.  

The modi f i ca t ions  necessary 

Curves t o  support  the design of minimum mass c i r c u l a r  tube pane l s  of 7075-T6 
aluminum were generated as desc r ibed  i n  Reference 9 and are p resen ted  i n  
Figure 76. 
t o  produce optimum designs f o r  t h e  s p e c i f i c  f l a t  width r a t i o ,  material, and 
t h e  two loading r a t i o s  i n d i c a t e d .  It would be necessa ry  t o  develop o t h e r  
curves ,  of a similar n a t u r e ,  to support  t h e  optimum design of panels  f o r  o t h e r  
f l a t  width r a t i o ,  materials, o r  l oad ing  r a t i o s .  

The curves i n  Figure 76 were generated from t h e  modified equat ions 

Approximate s o l u t i o n s  i n  the  e l a s t i c  range f o r  designs wi th  o t h e r  materials 
b u t  t h e  same load ing  r a t i o s  can be obtained by mul t ip ly ing  t h e  i n d i c a t e d  Nx 
scale by E/EA where EA is  t h e  i n d i c a t e d  modulus of aluminum. 
e las t ic  range t h e  conversion becomes much more complex and r e q u i r e s  t h e  u s e  
of t h e  reduced modulus terms desc r ibed  i n  Reference 9 .  

Beyond t h e  
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CONCLUDING REMARKS 

A s tudy  w a s  conducted t o  e x p l o i t  t h e  e f f i c i e n c y  of curved elements 

t o  b e  compatible with e f f i c i e n t  f a b r i c a t i o n  methods. The b rake  forming tech- 

i n  t h e  i 
design of s t r u c t u r a l  panels .  
o f f e r  more e f f i c i e n c y  than convent ional  s t i f f e n e d  s h e e t  c o n s t r u c t i o n  and appear  

nique developed under t h i s  program permits  much greater freedom of configura-  
t i o n  s e l e c t i o n  and b e t t e r  t h i ckness  and geometry c o n t r o l  than is a v a i l a b l e  wi th  
convent ional  s t r e t c h  forming. This method permits  f a b r i c a t i o n  of more e f f i -  
c i e n t  des igns  and appears  t o  o f f e r  a p o t e n t i a l  f o r  s i g n i f i c a n t  f a b r i c a t i o n  c o s t  
r educ t ions  compared t o  t h e  c o s t s  f o r  s t r e t c h  forming beaded pane l s .  

Beaded and tubu la r  panel  concepts s t u d i e d  h e r e i n  

1 

The combined l o a d  test f i x t u r e  produced r e l a t i v e l y  uniformly d i s t r i b u t e d  loads 
i n  t h e  test pane l s .  Although complex f a i l u r e  modes were encountered, t h e  
Moire' g r i d  monitor ing technique permit ted i d e n t i f i c a t i o n  of t h e  va r ious  modes 
i n  s u f f i c i e n t  d e t a i l  t o  support  t h e  mathematical modeling. The F o r c e / S t i f f n e s s  
n o n d e s t r u c t i v e  test  technique was  used very s u c c e s s f u l l y  i n  o b t a i n i n g  a l a r g e  
amount of test d a t a  f o r  v a r i o u s  load combinations from a l i m i t e d  number of 
test panels .  

Test d a t a  produced under combined loading on l o c a l  buckl ing specimens and 
on l a r g e  pane l s  of t h e  c i r c u l a r  tube conf igu ra t ion  show e x c e l l e n t  agreement 
with theory and show 25 t o  30 percen t  mass r educ t ion  over optimized s t r i n g e r -  
s t i f f e n e d  pane l s .  The c o n s i s t e n t  s t r u c t u r a l  performance of t h e  c i r c u l a r  tube 
panel has  i n d i c a t e d  a l e v e l  of confidence which warrants  t he  use of t h i s  con- 
c e p t  i n  the  des ign  load range i n v e s t i g a t e d .  

The f l u t e d  s i n g l e  s h e e t  beaded panel  concept o f f e r s  a h i g h l y  e f f i c i e n t  design 
i n  t h e  very low load  range al though s i g n i f i c a n t  ou t  of p l ane  d e f l e c t i o n s  
occur  i n  t h e  end c l o s u r e s  when t h e  panel  is loaded i n  shea r .  It appears  t h a t  
t hese  out  of plane d e f l e c t i o n s  can be avoided by an  attachment method which 
does n o t  reduce t h e  panel  c r o s s  s e c t i o n  shape t o  a - f l a t  s h e e t  a t  t h e  panel  
ends. Neve r the l e s s ,  i t  appears t h a t  achievement of t h e  p o t e n t i a l  advantages 
of t h e  f l u t e d  s i n g l e  shee t  c o n f i g u r a t i o n  r e q u i r e s  f u r t h e r  a n a l y t i c a l  e f f o r t  
t o  d e r i v e  an a n a l y s i s  mod i f i ca t ion  which would b e  s u i t a b l e  f o r  design.  

Tests of t he  f l u t e d  tube pane l s ,  revealed unan t i c ipa t ed  tube f l a t t e n i n g  
under bending load and tube  d i s t o r t i o n s  under shea r  load. 
s t r a t e d  lower pane l  s t r e n g t h s  than  those  p r e d i c t e d  from l o c a l  buckl ing tests. 
The use  of i n t e r n a l  s t i f f e n i n g  appeared t o  c o n t r o l  tube f l a t t e n i n g  and r a i s e d  
panel s t r e n g t h s  s i g n i f i c a n t l y ,  bu t  a t  a l o s s  i n  mass e f f i c i e n c y .  However, 
l a r g e  deformations which were not completely suppressed prevented r e l i a b l e  
c o r r e l a t i o n  of test d a t a  wi th  theory and r e s u l t e d  i n  f a i l u r e  of t h e  f l u t e d  
tube concept t o  achieve the  p r e d i c t e d  s u p e r i o r i t y  t o  t h e  c i r c u l a r  tube concept 
i n  t h e  l o a d  range i n v e s t i g a t e d .  

Because of t h e  p o t e n t i a l  mass savings demonstrated i n  t h i s  program, a p p l i c a t i o n  
of t h e  t u b u l a r  panel  concept should r e s u l t  i n  i nc reased  s t r u c t u r a l  e f f i c i e n c y  
i n  many types of f u t u r e  aerospace s t r u c t u r e s  such as advanced space v e h i c l e s ,  
missile i n t e r s t a g e s ,  and high speed c r u i s e  v e h i c l e s .  

The tests demon- 
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APPENDIX 

f 

1; 

1.1 

STAT I C  STRENGTH EQUATIONS 

Critical F a i l u r e  Loads and S t r e s s e s  

Compression 

1.1.1 panel  wide column Euler  buckl ing:  

n 2  D ~ / L  2 N =  x c r  

1.1.2 bead c r i p p l i n g ,  a x i a l  compression and bending: 
(Reference 13 ,  pp. 4-7) 

= 0.82 E ( t /R)  '*" 

1.15 

(See modified theory i n  TEST RESULTS 
s e c t i o n ,  p. 46 . )  

= 0.77 E ( t /R)  Fcb 

1.1.3 buckl ing of f l a t s :  (Reference 12 ,  pp. 353) 

= r2  Et2/[3f2(1-u2) 1 
Ffc  

where f i s  t h e  f l a t  width 

1.1.4 d iagona l  buckl ing of s i n g l e  s h e e t  c o n f i g u r a t i o n s :  
(Reference 12 ,  pp. 404)  .' 

= (2r  2 2  /d ) (-+ D;) 
N;dcr 

where s and sd are developed l e n g t h s  of t h e  c r o s s  
s e c t i o n  over  widths  b and d ,  r e s p e c t i v e l y ,  and 0 
i s  s e l e c t e d  t o  g ive  t h e  minimum v a l u e  of N 
t h e  range 

from xdcr 
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1 .2  Shear 
4 

1.2.1 gene ra l  i n s t a b i l i t y :  
(Reference 12,  p. 407) 

where k is a f u n c t i o n  of 

1.2.2 bead c r i p p l i n g :  (Reference 14) 

2 F = G ks ( t / S c )  cs 

where : 

k = 4 Z o 5 1 4  ( Z > l O ,  L / s c  2 10) (See modified theory i n  TEST 
RESULTS S e c t i o n ,  p.  46.) S 

. 2  Z = ( S  C /Rt) (1-w2)! 

S is  t h e  l e n g t h  of t h e  c i r c u l a r  arc 
C 

1.2.3 s h e a r  buckl ing of f l a t s :  (Reference 12,  p. 383) 

2 2  2 2  
= 5.35 IT E t  /[12f ( 1 - V  ) ]  F f s  

1.2.4 d i a g o n a l ' b u c k l i n g  of s i n g l e  s h e e t  c o n f i g u r a t i o n s :  
(Reference 12 ,  p. 407; ske tch  1.1.4) 

Nxydcr = (4k/d2) [D; (Di)31'" 

where k is a f u n c t i o n  of 

. .  B = (d/L)(D;/Di)% 

i / e  = D;/(D;D;) 4 
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2. Stresses i n  Bead and F l a t  

2 . 1  Axial  Compression 
c 

f c  = N x / t  

2 . 2  Bending 

fb  = M X cE/D1 

2 where: M X = pL / 8  + Nx yo/(l-Nx/Nxcr) 

4 = 5pL /384D1 + ,001 L 

2.3 Shear 

2.3.1 s i n g l e  shee t  conf igu ra t ions :  

f = N W / t  
S 

'2.3.2 double s h e e t  conf igu ra t ions :  

f = N / 2 t  
s XY 

2.3.3 max'imum shear  s t r e s s  in  f l a t  due t o  bending ( s i n g l e  shee t  
c o n f i g u r a t i o n s  only)  : 

= f + IT M EQ/2D1Lt 
S X f l a t  S 

f 

where Q i s  t h e  s t a t i c a l  moment of one bead about t h e  pane l  midplane 
&is. 

2 . 4  Stress I n t e n s i t y  (Reference 15) 

f o r  determining m a t e r i a l  y i e l d  and p l a s t i c i t y  c o r r e c t i o n  f a c t o r s :  

2 1 1 2  2 
f i  = [ ( f c  + f b )  + 3fs  ] 

max 
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3.  Failure Mode Constraint Equations 

3.1 Material Yield 

< F  fi - cy max  

3.2 Bead Cripplinpl 

3 . 3  Flat Buckling 

n 

3.. 4 Diagonal Buckling 

(s ingle  sheet configurations only): 

3 . 5  General Instabi l i ty  
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